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Abstract 
A new technique for strengthening reinforced concrete (RC) slabs using FRP compos-
ites is investigated. It is referred to as the mechanically fastened (MF) technique, which 
is based on fixing FRP materials to concrete using closely spaced powder-actuated fas-
teners. A special FRP material, known by the trade name SAFSTRIP®, is used in this 
method. It is characterized by a high bearing strength as well as a high tensile strength. 
This new technique is very rapid compared to the conventional bonded FRP techniques. 
Furthermore, it allows for immediate use of the structure after completion of the installa-
tion process. In addition, unlike the bonded system, the use of the MF system results in 
a desirable ductile behaviour of the strengthened structure. The commonly used fasten-
ers in this technique are embedded into the concrete using a powder actuated fastening 
"gun". The shot of this fastener is very strong and may sometimes cause initial cracking 
or concrete spalling or may locally damage the FRP if the fastener is overdriven. To 
overcome these problems we have proposed a new fastener based on screwing rather than 
shooting the fastener into the concrete. This screwed fastener has a better anchorage into 
the concrete, and displays a much better performance. 
This study attempts to investigate the behaviour of RC slabs strengthened in flexure 
with the mechanically fastened FRP system. Two series of large-scale reinforced concrete 
slabs are tested. The first series is comprised of five slabs without a cut-out, and measuring 
2600 x 2600 x 120 mm; the second series consists of four slabs of the same dimensions with 
a central cut-out measuring 800 x 800 mm. In each series, one slab is left unstrengthened 
to serve as a reference while FRP strips are used to strengthen the remaining slabs. 
Different strengthening patterns are used with different spacings between fasteners. Also, 
the conventionally bonded strengthening technique is used for the sake of comparison. 
The mechanically fastened system is found to be an interesting alternative to the bonded 
system resulting in a rapid, economic, and effective system. The gained increases in 
ultimate capacities of the MF FRP-strengthened slabs range between 30 to 70% over 
those of the unstrengthened specimens. Moreover, the use of the MF system shows a 
desirable pseudo-ductile mode of failure. 
As a complementary study, experimental results from 27 direct shear tests on FRP 
strips mechanically fastened to concrete blocks are reported. Based on the results from 
these tests, new analytical models that describe the interfacial behaviour between the MF 
FRP and concrete substrate are developed. These models are referred to as "bearing-slip" 
models. Finite element models are then introduced to address the interfacial behaviour 
between the FRP strips and the concrete substrate for the MF FRP/concrete direct shear 
specimens. Results are presented in terms of ultimate load capacities and load-slip re-
lationships. The numerical predictions are verified against the experimental data, and 
very good agreement is obtained. Based on this verification, the proposed bearing-slip 
models are subsequently used in finite element analyses to simulate the cases of RC beams 
and slabs strengthened with the MF system. Also, the theoretical part of this study is 
extended to include finite element modelling of bonded FRP-strengthened slabs. The 
interfacial behaviour between the FRPs and the concrete substrate is accounted for by 
using appropriate interfacial models. It is shown that the numerical models can be ap-
plied to arbitrary FRP configurations, and can also accommodate both passive as well as 
prestressed FRP strengthening schemes. Results are presented in terms of load-deflection 
relationships, ultimate load capacities, failure modes, and interfacial slip and stress distri-
butions. When compared to test results reported in the literature, the analysis is shown 
to lead to very good predictions. 
Resume 
Une nouvelle technique pour le renforcement de dalles en beton arme avec des com-
posites en polymeres renforces de fibres (PRF) est etudee. Cette technique est connue 
sous le nom de la methode d'attache mecanique (mechanically fasted method) qui est 
basee sur la fixation du composite sur le beton en utilisant des attaches etroitementes 
alignes. Un PRF special (SAFSTRIP®) est utilise pour cette methode qui se distingue 
par sa haute resistance a l'ecrasement et a sa haute resistance a la tension. Cette tech-
nique est plus rapide d'execution que la technique conventionnelle. En outre, elle permet 
l'utilisation immediate des dalles apres avoir termine l'installation du renforcement. De 
plus, le nouveau system de pose du composite donne un comportement ductile souhaitable 
a la structure renforce. Les attaches les plus generalement utilises dans cette technique 
sont incorporees dans le beton par un pistolet. Le tir de ces attaches est tres fort, il peut 
causer des fissures dans le beton ou degrader la surface ou encore endommager le PRF 
si 1'attache est tiree trop fort. Pour eviter ce probleme, nous avons propose une nouvelle 
facon d'attacher le composite en vissant les attaches au lieu de les tires dans le beton 
par pistolet. Ce vissage des attaches a un meilleur ancrage dans le beton, et donne une 
meilleure performance. 
Cette etude traite du comportement flexionnel des dalles en beton arme renforcees 
par des composites attaches mecaniquement. Deux series de dalles a grandeur reelles 
sont testees. La premiere serie se compose de cinq dalles pleines de dimensions 2600 x 
2600 x 120 mm, la deuxieme serie consiste en quatre dalles de meme dimension que la 
premiere serie avec une ouverture au milieu de dimension 800 x 800 mm. Dans chaque 
serie, une dalle est non-renforcer pour servir de dalle de reference. Differents modeles de 
renforcement sont utilises avec differents espacements entre les attaches. Aussi, la tech-
nique conventionnelle est utilisee a des fins de comparaison. La nouvelle technique est une 
interessante alternative, du faite qu'elle est rapide, economique et efficace. L'augmentation 
des la capacite portante de dalles renforcees, par cette technique par rapport a la dalle 
de reference, est de 30 a 70%. D'ailleurs, l'utilisation de la nouvelle technique montre un 
mode de rupture pseudo-ductile souhaitable. 
Une etude complement aire de 24 tests a ete faite sur le comportement en cisaillement 
direct des PRF attaches mecaniquement a des blocs de beton. Base sur ces resultats, 
des modeles analytiques qui decrivent le comportement de l'interface entre le beton et 
le PRF sont developpes. Ces modeles sont appeles modeles de glissement des attaches 
(bearing-slip models). Une etude par element finis a ete faite, pour bien modeliser 
l'interface entre le beton et le PRF, sur les specimens testes par cisaillement direct. 
Les resultats sont presentes en termes de capacite de chargement ultime et de relation 
glissement-chargement. Les resultats numeriques sont en tres bon accord avec les resultats 
experimentaux. Base sur ces resultats, le modeles de glissement propose est introduit dans 
l'analyse par element finis des exemples de poutres et de dalles renforcees par la nouvelle 
technique. Aussi une partie theorique est introduite pour les dalles renforcees par la 
nouvelle technique, afin de verifier l'analyse par la methode des elements finis. Le com-
portement de l'interface entre le beton et PRF est explique par un modele d'interface 
approprie. On a montre que les modeles numeriques peuvent etre appliques a n'importe 
quelles configurations des PRF, et peuvent etre appliques pour le schema de renforcement 
passif ou precontract. Les resultats sont presentes en termes de relation charge-deflexion, 
de capacite portante, de modes de ruptures, et de glissement et de distributions de con-
traintes. Les resultats numeriques donnent de bonnes predictions comparees aux resultats 
experimentaux reportes dans la litterature. 
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Chapter 1 
Introduction 
1.1 General 
Reinforced concrete (RC) slabs can be divided into two main groups, namely beamless and 
beam supported slabs. Beamless slabs (flat slabs) are among the first types of reinforced 
concrete floor systems. Flat slabs have been used in different structural applications, such 
as floors and roofs of buildings, parking garages, walls of tanks, and offshore structures. 
To economically reduce the amounts of materials used and to reduce storey heights for 
multi-storey structures, architects and engineers are constantly designing thinner slabs, 
which must satisfy both strength and serviceability requirements. When this tendency is 
combined with the fact that it is difficult to accurately model the behaviour of two-way 
slabs in practice, it can result in slab designs that are prone to excessive deflections or 
have insufficient flexural and/or shear capacity. In addition, several types of concrete 
structures in Canada and elsewhere, such as parking garages and infrastructures, are 
structurally deficient due mainly to deterioration and corrosion under harsh climates and 
the extensive use of de-icing salts [ISIS-Canada, 2001]. Additionally, increased service 
loads, more stringent building code requirements, as well as design and construction errors, 
can all cause a structure to become functionally obsolete and require strengthening [Nanni, 
1999]. Furthermore, due to changing structural and/or functional requirements, it is often 
necessary to make sectional cut-outs in existing slabs. This can be due to the need for the 
installation of an elevator, escalator, staircase, utility duct for heating or air conditioning, 
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or for a skylight opening. This can potentially lead to a serious deficiency that has to be 
mitigated. Conventional methods of mitigation such as the addition of edge beams and 
columns around the cut-out may not be viable. In this case, strengthening of the deficient 
slab is needed. 
The strengthening of reinforced concrete structural elements can be accomplished us-
ing various techniques. One of the most common strengthening techniques is based on 
the use of external reinforcement [Mailvaganam, 1992]. Fibre reinforced polymer (FRP) 
composites are considered to be very promising materials for use as external reinforcement 
for structural elements. As a result there has been a numerous amount of research work 
conducted on the use of FRPs in strengthening reinforced concrete structural elements. 
This is due to the fact that FRPs are non-corroding materials, easy to handle and have 
light weight-to-strength ratios compared to the traditional materials such as steel. Ex-
perimental studies have shown that externally bonded FRP composites can significantly 
increase the load carrying capacity of a structural member. 
There are several methods of applying an FRP composite to strengthen a RC slab. 
One common technique involves bonding pre-cured strips to the concrete surface. Pre-
cure allows having a high level of quality control compared to other in-situ application 
techniques such as the wet lay-up process. The wet lay-up process allows for better 
versatility in practice because applying the FRP around a corner or on curved and irregular 
surfaces is more easily accommodated. In each instance, the FRP laminate can either be 
placed in strips or placed in such a manner that the entire width of the slab is covered. 
A decrease of ductility can often be expected in an FRP-strengthened concrete struc-
ture, due to the linear elastic behaviour up to failure of the FRP composite and the 
low failure strain of concrete in tension. Unfortunately, concrete structures strengthened 
with bonded FRP generally fail in a brittle manner by sudden rupture of the composite 
or debonding from the concrete [Hormann et al., 2002]. It is often possible to design a 
strengthening system such that yielding of the steel reinforcement occurs before debonding 
of the composite. In this manner, some level of ductility can be maintained. 
A new strengthening technique recently introduced for concrete structures consists 
of using mechanically fastened (MF) FRP strips with closely spaced powder-actuated 
fasteners [Bank, 2004], Unlike the conventional bonded technique, this new technique is 
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characterized by its high ductile behaviour without any FRP debonding. This so-called 
"MF technique" utilizes off-the-shelf tools to attach pultruded FRP strips to the concrete. 
It has many advantages such as a rapid installation using simple hand tools, no special 
labour skills are needed, and no surface preparation is required. In addition, with this 
system it is possible to use the strengthened structure immediately after the installation 
of the FRP strengthening strips. 
A review of the existing literature reveals that, to date, little research has been con-
ducted on the strengthening of two-way slabs with FRP sheets in comparison to the 
numerous studies on beams. In particular, there is apparently no published work on 
the strengthening of two-way slabs with mechanically fastened FRP strips. This thesis 
addresses this research gap. 
1.2 Scope 
The scope of this thesis includes the experimental investigation of the effectiveness of 
using the mechanically fastened technique for the flexural strengthening of RC two-way 
slabs. In addition, an objective is to investigate experimentally the interfacial behaviour 
between the mechanically fastened FRP and the concrete through direct shear tests on 
FRP/concrete joints. Also, the scope of this thesis includes a theoretical investigation on 
the MF strengthening technique. The theoretical investigation first consists of developing 
an appropriate analytical model that describes the interfacial behaviour between the me-
chanically fastened FRP and the concrete substrate. Such a model is needed for accurate 
simulations of MF FRP-strengthened concrete structures. The interface model is incorpo-
rated into a finite element analysis to investigate the behaviour of MF FRP-strengthened 
beams. Finally, additional analyses are carried out for FRP-strengthened slabs using both 
the conventionally bonded and the mechanically fastened systems. 
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1.3 Research Objectives 
This research project consists of an experimental and theoretical study on RC slabs with 
and without a cut-out externally strengthened with FRP composites that are mechanically 
fastened to the concrete surface. This study is undertaken with the following objectives: 
• To determine the feasibility of using mechanically fastened FRP strips as a practical 
method for the flexural strengthening of reinforced concrete slabs with and without 
a cut-out. 
• To investigate the effect of the MF FRP reinforcement on the structural behaviour 
and ultimate strength of reinforced concrete slabs. 
• To develop an appropriate model that describes the MF FRP/concrete interface. 
• To develop predictive finite element models to investigate the behaviour of rein-
forced concrete structures strengthened with the mechanically fastened and exter-
nally bonded FRP systems. 
1.4 Outline 
This thesis reports the results of both the experimental and analytical aspects of the 
project. In this chapter, the objectives, background and scope of the project have been 
outlined. A review of the existing research and literature, relevant to the topic, is presented 
in Chapter 2. The experimental program, general details about the materials used in this 
project, the construction procedure, and the test setup for both the FRP/concrete joints 
and the FRP-strengthened slabs are given in Chapter 3. In Chapter 4, the experimental 
results and discussion of both the FRP/concrete joints and the slabs are reported. Finite 
element analyses of the MF FRP/concrete joints and the MF FRP-strengthened beams 
and slabs along with numerical modelling of bonded FRP-strengthened RC slabs are 
presented in Chapter 5. A comparison between the numerical and experimental results 
are also reported in this chapter. In Chapter 6, the conclusions and recommendations for 
future work are outlined. 
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Literature Review 
2.1 Introduction 
This chapter highlights the advantages of using FRP composites and the applications of 
these materials in construction. A survey is presented on past research related to using 
FRP composites as materials for the external strengthening of RC beams and slabs. This 
survey also covers the use of the mechanically fastened FRP technique as a new alternate 
strengthening method for concrete structures. 
2.2 F R P Composite Materials 
FRP composites consist of high strength fibres embedded in a polymeric matrix or resin. 
The fibres in the FRP composites are the main load carrying elements, which exhibit a 
relatively high strength when pulled in tension. The matrix is the binding material of the 
composite. The main function of the matrix is to transmit the load to the fibres in the 
composite. The matrix also supports and protects the fibres and ensures that the fibres 
remain aligned. There are many types of fibres and resins that are used in manufacturing 
FRPs. The fibres are selected based on the strength and durability required for a specific 
application. The resins are selected based on the environment to which the FRP will be 
exposed and the method with which the FRP composites will be manufactured [Nanni, 
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1999; Rizkalla et al., 2003]. Table 2.1 presents typical mechanical properties of some 
common fibres. The strengths and stiffnesses are given for the longitudinal direction of 
the fibres. 
Table 2.1: Mechanical properties of common fibres [Enochsson, 2005] 
Fibre Type 
E glass 
S-2 glass 
Carbon (HS/S) 
Carbon (IM) 
Aramid (Kevlar 29) 
Aramid (kevlar 49) 
Elastic modulus 
(GPA) 
69-72 
86-90 
160-250 
276-317 
83 
131 
Tensile strength 
(MPa) 
2400-3800 
4600-4800 
1400-4930 
2300-7100 
2500 
3600-4100 
Failure Strain 
(%) 
4.5-4.9 
5.4-5.8 
0.8-1.9 
0.8-2.2 
— 
2.8 
The term matrix or resin is used to designate the polymer material and/or mixture 
with various additives or chemically reactive components. Its chemical composition and 
physical properties fundamentally affect the processing and final properties of the FRP 
material. Processability, laminate properties, composite material performance and long-
term durability are all dependent on the matrix composition. Table 2.2 shows some 
mechanical properties of common matrix materials. 
There are several advantages of FRP composites as strengthening materials such as: 
(1) FRPs offer a combination of low specific gravity and high strength-to-weight ratios 
that are remarkably superior to those of steel, (2) a distinct property of FRPs is their 
non-corroding behaviour, which makes them extremely attractive for many applications, 
(3) FRP composites can be formed on-site in any shape as flexible sheets, (4) a significant 
advantage of using FRPs in many applications is their dimensional stability over a wide 
range of temperature, since their coefficients of thermal expansion are much lower than 
those of metals, (5) another unique characteristic of FRPs is their high internal damp-
ing, which leads to a better vibration energy absorption and results in a reduced noise 
transmission or vibration [Kelly and Zweben, 2000]. 
The advantages of FRP composites have led structural engineers to use them as alter-
native materials to traditional steel reinforcement. There are many applications of FRP 
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Table 2.2: Typical mechanical properties of common resins [Enochsson, 2005] 
Matrix/resin 
Polyster 
Vinylester 
Epoxy 
Elastic modulus 
(GPA) 
3.1-4.6 
3.1-3.3 
2.6-3.8 
Tensile strength 
(MPa) 
50-75 
70-81 
60-85 
Failure Strain 
(%) 
1.0-6.5 
3.0-8.0 
1.5-8.0 
composites in concrete structures as internal reinforcement as well as external strengthen-
ing materials. Currently, the most commonly used FRP rebar manufacturing procedure 
is the pultrusion method [Rizkalla et al., 2003]. This process enables a high proportion of 
fibres to be incorporated into the cross-section. As a result, the product achieves a rela-
tively high strength in the longitudinal direction. On the other hand, externally bonded 
FRP systems come in a variety of forms, including wet lay-up systems and precured sys-
tems. Typically, adhesives, primers and a putty are used to bond the precured shapes to 
the concrete surface. The primer is used to penetrate the surface of the concrete, pro-
viding an improved bond for the saturating resin or adhesive. The putty is used to fill 
small surface voids in the substrate and to provide a flat surface to which the FRP can 
be bonded [Emmons, 1993]. 
Nowadays, FRP systems are used in several applications to strengthen existing RC 
structures instead of the traditional systems using steel [Nanni, 1999]. FRPs may be 
attached on a beam or a slab tension surface to provide additional flexural strength, on 
the sides of a beam to provide additional shear strength, or wrapped around columns to 
provide confinement and additional ductility. In addition, concrete and masonry walls 
may be strengthened to resist seismic and wind loads, concrete pipes may be wrapped 
with FRP sheets to resist higher internal pressures, and tanks may be strengthened to 
withstand higher pressures. 
In an FRP-strengthened structure, the FRP materials are attached to an existing 
concrete member mainly to improve the load carrying capacity. Thus, the area of the 
provided reinforcement is increased. The attached materials act compositely with the 
original member, producing a section that has an improved strength. For instance, when 
the new material is attached to the tension side of the concrete member, it is able to 
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Figure 2.1: Examples of FRP strengthening for concrete structures [Enochsson, 2005] 
exert the maximum effect in terms of the ultimate strength, stiffness and deflection of the 
structural system. It also restricts the initiation and the widening of cracks [Emmons, 
1993; Machida and Maruyama, 2002]. 
2.3 Bonded FRP Strengthening Systems 
A bonded FRP strengthening system is suitable for concrete beams, walls, slabs, columns, 
and can also be used to strengthen cut-out openings in slabs or walls. Different possi-
bilities of strengthening concrete structures are shown in Figure 2.1. The possibility of 
designing the FRP material to adapt the manufacturing process for a specific strengthen-
ing application has led to a variety of FRP strengthening systems such as the wet lay-up 
and precured FRP systems [Neale, 2000]. 
Wet lay-up FRP systems consist of dry unidirectional or multidirectional fibre sheets 
or fabrics impregnated on-site in a saturating resin. These systems can be used for most 
strengthening applications, especially in the case of seismic retrofitting and strengthening 
of curved structures such as wrapping of columns and silos, as shown in Figure 2.2. The 
fabric can also be wrapped around beams or columns loaded in compression or torsion to 
provide a confining pressure acting on the structure. A typical wet lay-up system consists 
of an epoxy primer, putty, dry or pre-impregnated fibre and an adhesive system. 
8 
2.3. BONDED FRP STRENGTHENING SYSTEMS 
Figure 2.2: Strengthening of a concrete silo with FRP composite wrap system [Enochsson, 
2005] 
Precured FRP systems consist of flat pultruded profiles that can be obtained in dif-
ferent grades and cross-sections. The first application with a precured FRP plate system 
was carried out in Switzerland at the beginning of the 1990s where a concrete bridge was 
strengthened due to an accident that ruptured the pre-stressing cables [Meier et al., 1992]. 
Since then a large number of structures have been strengthened worldwide. Other com-
ponents of the system are the concrete primer and adhesive. The function of the primer 
is to enhance the bond for the adhesive to the concrete. The adhesive is a high viscosity 
filled paste such as epoxy adhesive with a typical bond layer thickness of 1-2 mm. After 
the concrete has been pre-treated, the adhesive layer is placed on to the plate and in 
some cases also on the concrete surface. The two adherents are then mounted together 
and a light pressure is applied on the plate. Thereafter the system is allowed to harden. 
Figure 2.3 shows the strengthening of a concrete bridge girder with precured FRP plates. 
A special type of FRP strengthening system is the NSM (near surface mounted) rein-
forcement. NSM systems are used in cases where the strengthening system needs to be 
protected, for example in the case of possible impact. NSM systems are also suitable if the 
concrete surface is very uneven. Most NSM systems consist of pultruded FRP rods/strips 
that are bonded in side grooves in the concrete. It is important to control the thickness 
of the concrete cover when this method is chosen; a typical depth of at least 25 mm is 
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Figure 2.3: Strengthening of a bridge girder using precured CFRP plates [Enochsson, 2005] 
normally needed. The pre-treatment for this method consists of sawing grooves in the 
concrete cover. The rods/strips are then bonded in these grooves with an epoxy adhesive 
or a high quality cement grout. Figure 2.4, shows a typical strengthening application with 
an NSM system [Enochsson, 2005]. 
2.3.1 Strengthening of RC Beams Using FRP Composites 
The use of FRP composites for the flexural strengthening of reinforced concrete beams has 
been extensively investigated. It has generally been found that the epoxy-bonded plates 
improve the cracking behaviour of the beams by delaying the formation of flexural cracks 
and reducing crack widths at higher load levels. The gain in the flexural strength and 
stiffness is more significant in beams with lower steel reinforcement ratios [Saadatmanesh 
and Ehsani, 1991; Shin and Lee, 2003; Aidoo et al., 2006]. Most of the strengthened 
beams are observed to fail in a brittle manner at a deformation level less than that of the 
deformation capacity of the control specimens because the longitudinal composites often 
debond off of the concrete surface. 
Some researchers have observed that the debonding of the longitudinal composites is 
delayed or prevented by adding transverse straps along the shear span. Three modes of 
failure can occur; namely, tensile rupture of the FRP sheets, peeling of the concrete cover, 
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Figure 2.4: Strengthening of a bridge joint with NSMR system [Enochsson, 2005] 
or FRP debonding [Ritchie et a l , 1991; Sergio et al., 2003; Ashour et a l , 2005]. Peeling 
failure of the concrete cover is the most dominant failure mode. It is found that increasing 
the FRP sheet length to cover the entire moment zones becomes ineffective when tensile 
rupture of the FRP sheets is the failure mode. 
At the University of Sherbrooke, extensive investigations have been carried out to 
study the effect of FRP strengthening on RC beams. Simply supported specimens have 
been tested under four point loading by M'Bazaa [1995]. The effect of existing cracks on 
RC beams strengthened with FRPs has been investigated. It was concluded that the ex-
isting cracks prior to strengthening reduce the initial beam stiffness but do not affect the 
ultimate strength. A further study was carried out by Chicoine [1997] to investigate the 
peeling-off failure mechanism using anchorage systems for the laminates. The specimens 
showed improved strength and ductility. Another investigation was performed to study 
the interfacial shear stresses between the FRP plates and concrete [Agouzoul, 1999]. Fur-
ther tests were carried out on T-beams strengthened in flexure using CFRP composites 
[Lamothe, 1999]. It was concluded that the reinforcement ratio had a significant effect on 
the improvement of the flexural strength. 
The effects of strengthening at different levels of sustained loads for reinforced concrete 
beams strengthened with CFRP composites have also been studied [Shin and Lee, 2003]. 
It was found that the level of sustained load at the time of strengthening has more influence 
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on the deflections of a beam at yield than on the ultimate strength of the beam. After 
strengthening, the stiffness of the strengthened beams at different levels of sustained load 
was lower than that of an initially strengthened beam. In addition, the number of cracks 
was experimentally observed to decrease as the beam was strengthened at lower levels of 
sustained load. 
2.3.2 Model l ing of F R P - S t r e n g t h e n e d R C B e a m s 
Despite the increasing number of applications of FRP strengthening techniques, there is 
in comparison a lack theoretical studies for FRP-strengthened RC structures. A nonlin-
ear model was developed by Ferretti and Savoia [2003] for FRP-strengthened RC tensile 
members. A nonlinear constitutive model for concrete in tension was introduced using 
a fictitious crack model. The nonlinear governing equations were solved using the finite 
difference method. The numerical simulations showed that a small thickness of FRP ma-
terial is very effective at reducing the crack width and increasing the axial stiffness under 
serviceability loads. Another numerical simulation was introduced to study the flexural 
strengthening of RC beams using FRP composites by Nitereka and Neale [1999]. Full 
bond was assumed between the concrete and both the steel reinforcement and the FRP 
laminates. A Lagrangian formulation was used in the finite element analysis in which both 
the material and the geometric nonlinearity were considered. A typical 2-node beam ele-
ment was used with three degrees of freedom at each node (axial, transverse, and rotation 
nodal displacements). The beam cross-section was divided into several layers assuming 
strain compatibility between the adjacent layers. The numerical simulation confirmed the 
effectiveness of using the FRP composite as a strengthening technique for RC structures. 
Another model was introduced by Wong and Vecchio [2003] using a two-dimensional finite 
element program for RC elements strengthened either in shear or flexure with FRP com-
posites. The concrete was represented using 2-D solid elements while the FRP composites 
and the steel reinforcement were represented using truss elements. Slippage at the bond 
interface between the FRP composites and the concrete beams was taken into account 
using link elements that represent the adhesive layer between the FRPs and the concrete. 
It was found that using the link elements resulted in results similar to those observed in 
the experimental work. 
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Other researchers have used commercial softwares such as ABAQUS to simulate FRP-
strengthened RC beams (e.g., Thimmhardy et al. [1995]). Reliable constitutive models for 
the steel reinforcement and concrete were used in conjunction with an existing material 
library. Eight-node plane stress elements were used to represent both the concrete and the 
adhesive layer, while truss elements were used to model the steel reinforcement and FRP 
strengthening plates. Another study by Hu et al. [2004] introduced a constitutive model 
to simulate the nonlinear behaviour of unidirectional fibrous composites in their in-plane 
shear stress-strain relationship. In the finite element analysis, an 8-node 3-D solid element 
was used to model the RC beam and a 4-node shell element was used to model the FRP 
plate. Perfect bond was assumed between the FRP composites and the concrete beams. 
A good agreement with the experimental results was achieved. Similar studies have been 
carried out by Neale et al. [2006] and Abdel Baky et al. [2007] in which appropriate 
interface elements were employed at the FRP/concrete interface. The advantage of this 
approach is that it accounts for the FRP debonding phenomena. 
It is obvious from a survey of the literature that most of the finite element studies 
concerning the flexural response of FRP-strengthened RC beams have been restricted to 
the load-deformation relationships, ultimate load carrying capacities and strain distribu-
tions along the bonded laminates. Less attention has been given to the study of local 
interactions between the FRP laminates and the concrete such as the effect of the local 
bond and cracked concrete characteristics on the interfacial behaviour of the strengthened 
beams. 
2.3.3 FRP/Concrete Interfacial Behaviour 
The existing applications of the FRP reinforcement in buildings, bridges, and tunnels 
have clearly demonstrated that the FRP bonding technique is remarkably efficient. It is 
known that the bond at the interface between the concrete and FRP composites has a 
significant effect on the overall performance of the strengthened member. Experimental 
studies have observed a brittle behaviour for the externally bonded FRP systems due to 
mechanisms such as peeling failure and/or delamination. Such premature failures lead 
to an inefficient usage of the FRP and prevents the strengthened members from reaching 
their full capacities [Kanakubo et al., 2003]. FRP peeling or separation may occur due to 
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the high longitudinal shear and transverse normal stresses at the plate end resulting from 
the abrupt curtailment of the FRP plate. 
Observations have shown that two different debonding types can occur in experiments, 
both of which result in the delamination of the FRP sheets off the concrete [Wu and Yin, 
2003; Pham and Al-Mahaidi, 2004]. The first type of debonding happens in the adhesive 
layer, where the shear stress in the thin adhesive layer is higher than the normal stress. 
The other type involves micro diagonal cracks at the bond interface. Also it has been 
established that if the interfacial bond is well guaranteed, increasing the concrete fracture 
energy might result in distributed flexural cracks in the concrete and simultaneously avoid 
the debonding failure through the interfacial concrete. 
The direct shear test has been found to be a very convenient experiment to under-
stand the basic behaviour for FRPs bonded to concrete. Several investigations have been 
conducted on conventionally bonded FRP/concrete joints using direct shear tests [Jones 
et al., 1980; Triantafillou and Plevris, 1992; Chajes et al., 1996; Bizindavyi and Neale, 
1999]. In this test, the FRP laminate is subjected to a direct tensile load such that there 
is a direct shear at the FRP/concrete interface. Transfer lengths and bond strengths for 
FRP plates bonded to concrete blocks have been investigated by many researchers [Chajes 
et al., 1996; Bizindavyi and Neale, 1999]. It has been established that the transfer length 
is constant for all load levels lower than the initial cracking load. Beyond the cracking 
load, the transfer length increases with the crack propagation. Tests have shown that 
there is a bond development length beyond which no further increase in failure load can 
be achieved. To achieve the best possible bond, the concrete surface should be mechani-
cally abraded or sandblasted. Also, it has been reported that the transfer length increases 
as the number of plies is increased. 
In another investigation the plate ends were extended under the end supports in order 
to obtain full plate end anchorage [Garden and Hollaway, 1998]. It was found that plate 
separation was prevented, but peeling failure of the concrete cover still occurred. Other 
end anchorage techniques have been used such as U-shape and L-shape jackets and steel 
bolts. The end anchorage techniques increase the ultimate capacity, but do not always 
prevent peeling failure. The behaviour of bonded FRP/concrete joints under cyclic loading 
was investigated by Bizindavyi et al. [2003]. The failure modes were either plate rupture 
and/or concrete shearing. Higher values of slip were obtained when high cyclic stress 
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ranges were applied. Moreover, as expected joints having smaller bond widths exhibited 
higher values of slip than those having larger widths. 
An evaluation of some key factors that affect the bond of FRP laminates to concrete 
was carried out by De Lorenzis et al. [2001]. The specimen used was a plain concrete 
beam with an inverted T shape. A steel hinge at the top and a saw cut at the bottom, 
both located at mid-span, were used to control the distribution of the internal forces. 
This allowed an accurate computation of the tensile stresses in the FRP. It appeared 
that the laminate stiffness significantly influenced the bond failure load. In addition, the 
performance of the specimen with its surface roughened by chiselling was much better 
than that of the specimen with a sandblasted surface. Failure occurred in the former by 
rupture of the FRP sheet at a remarkably higher load. A similar study led to a proposed 
local bond stress-slip test for concrete prisms cracked at the centre and reinforced with 
FRP laminates [Nakaba et al , 2001]. It was concluded that the maximum tensile force 
increased as the stiffness of the FRP was increased. The maximum local bond stress was 
not influenced by the FRP type, but it was increased as the concrete compressive strength 
was increased. A similar bond test was conducted to verify the effect of the bond layer 
properties [Harmon et a l , 2003]. Two concrete blocks were connected together by an FRP 
strip, which acted as flexural reinforcement. Results showed that the thickness and shear 
modulus of the bond layer were critical in determining the bond performance. Premature 
failure might occur if the bond layer was not sufficiently thick. 
Another bond test was carried out by De Lorenzis et al. [2001] on unreinforced concrete 
beams strengthened with NSM CFRP rods. At the mid-span, the beam had a steel hinge 
at the top and a saw cut at the bottom. The effect of both of the bonded length and 
the groove size were investigated. As the groove size was increased, the thickness of the 
epoxy cover increased, which resulted in a higher resistance to splitting. Consequently, 
the ultimate load was increased and the failure shifted from the epoxy to the surrounding 
concrete. A further study was carried out using deformed and sandblasted rods [De Loren-
zis and Nanni, 2002]. The deformed rods were more efficient than the sandblasted ones in 
terms of bond performance. The concrete tensile strength had no effect when failure was 
controlled by splitting of the rod, while it did have a significant effect when the groove 
was deep enough to cause failure in the surrounding concrete. 
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2.3.4 Failure Modes for FRP-Strengthened RC Structures 
The observed modes of failure for FRP-strengthened sections are different from those 
for unstrengthened ones [Nguyen et al., 2001; Wu and Yin, 2003; Thomsen et al., 2004]. 
From the experimental observations, the final failure modes for a strengthened reinforced 
concrete section can be summarized in two main modes which are the interfacial debonding 
of the FRP sheets, and the rupture of the FRP sheets, as depicted in Figure 2.5. Interfacial 
debonding also has three types of fracturing behaviour: (a) debonding within the epoxy 
adhesive layer due to a weak bond as shown in Figure 2.5-a, (b) delamination of the FRP 
composite due to many micro diagonal cracks that occur in the interfacial concrete, as 
shown in Figure 2.5-b, and (c) debonding, as shown in Figure 2.5-c, in which a secondary 
diagonal shear or flexural crack occurs beside the first flexural concrete crack at the mid-
span, after which the debonding propagates. For beams that fail by FRP rupture, there 
are two cracking behaviours; the first is a flexural crack at the mid-span with some micro 
diagonal cracks, as shown in Figure 2.5-d, while the second consists of multiple flexural 
cracks distributed along the bond interface, as shown in Figure 2.5-e. The FRP rupture 
usually happens near the mid-span. Beams that fail by FRP rupture have a higher load 
capacity than those exhibiting debonding failure [Wu and Yin, 2003]. 
Nguyen has observed that the composite behaviour of FRP-strengthened beams, which 
fail by FRP debonding, can be divided into three distinct zones: (1) distressed, (2) bond 
development, and (3) full composite behaviour zones. The bond development length was 
found to be nearly constant, although the beams were reinforced with different lengths 
of FRP [Nguyen et al., 2001]. Thomsen summarized the failure modes that may happen 
for strengthened RC beams into two main types [Thomsen et al., 2004]. The first type 
exhibits composite action up to failure, which includes steel yielding, concrete crushing, 
FRP rupture for well-bonded composites, or shear failure. The second type occurs due to 
the loss of composite action (debonding failure), which includes end peeling of the FRP 
plate due to high shear stresses transferred between the plate and the concrete and mid-
span debonding associated with flexural cracks at the maximum bending moment. This 
type of failure is more ductile than the previous one because the steel yields first thus 
allowing for greater deflection and ductility. 
Other researchers have also defined the various possible debonding failure modes for 
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Figure 2.5: Cracking behaviours and final failure modes for FRP-strengthened beams [Wu and 
Yin, 2003] 
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F i g u r e 2 .6 : Debonding failure modes for FRP-strengthened beams [Teng et al., 2004] 
FRP-strengthened RC elements, as shown in Figure 2.6 [Teng et al., 2004]. The distinct 
identified debonding failure modes include: (a) cover separation, (b) plate end interfa-
cial debonding, (c) intermediate (flexural or flexural-shear) crack (IC) induced interfacial 
debonding, and (d) critical diagonal crack (CDC) induced interfacial debonding. It was 
found that the IC debonding failure mode is likely to control the flexural strengthening 
design of RC structures in many cases as plate end debonding can often be suppressed 
with appropriate anchorage measures such as U-jackets. In this failure mode, debonding 
initiates in the high moment region as a result of the occurrence of a major flexural crack 
and then propagates towards a plate end, as shown in Figure 2.6. 
2.3.5 Modelling of FRP/Concrete Interface 
A finite element (FE) parametric study was carried out by Lu et al. [2004, 2007] in order 
to establish the relationship between various bond parameters and geometrical and ma-
terial parameters. Both the FRP and concrete elements were connected directly without 
interface elements in order to model the debonding by concrete fracture. When the adhe-
sive layer had a good bond strength, the debonding of the FRP plate from the concrete 
occurred within a thin layer of concrete adjacent to the adhesive layer. The thickness of 
this layer was about 2-5 mm. To simulate concrete failure within such a thin layer, a very 
fine mesh needs to be employed. A very fine mesh arrangement was suggested using the 
meso-scale FE model [Lu et al., 2005]. In this model, the element size was about 0.25-0.5 
mm, thus there were enough elements in the FE model to represent the crack propaga-
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tion in the concrete. This parametric study showed that the local bond strength and the 
corresponding slip are almost linearly related to the tensile strength of the concrete, while 
the total interfacial fracture energy is almost linearly related to the square root of the 
concrete tensile strength. The meso-scale FE model showed a very good agreement with 
the experimental results. 
Relatively few studies have been carried out concerning the intermediate crack (IC) 
debonding mode, which is caused by flexural cracks. In this mode, debonding initiates in 
the high moment region due to a major flexural crack and then propagates towards the 
plate end [Teng et al., 2004]. A theoretical study was introduced to investigate the use of 
the smeared crack approach in the finite element analysis to predict the IC debonding of 
FRP-strengthened beams. This approach was unable to predict the strain/slip concentra-
tion at the crack location, unless a very fine mesh was used. To overcome this problem, the 
Lu et al. bond-slip model was used in which a dual criterion for local interfacial debonding 
was applied to the interface elements [Lu et al., 2004]. This dual criterion considered both 
the shear and the peeling stresses at the FRP/concrete interface. The adhesive layer was 
modelled using interface elements, which were defined by two springs. The shear spring 
was used to represent the interfacial shear and the tension-compression spring was used 
to present the peeling off. This FE model was used to analyze 45 FRP-strengthened RC 
beams that, failed by IC debonding. A very good agreement was reported in comparison 
with the experimental data. 
Other researchers defined the FRP/concrete interface in the finite element analyses 
using special interface elements having a pre-defined bond-slip relationship to link the 
FRP and the concrete elements [Sand and Remlo, 2001; Wong and Vecchio, 2003; Teng 
et al., 2004; Ebead and Neale, 2007]. The pre-defined bond-slip relationship was controlled 
by several parameters related to the characteristics of the FRP composite, adhesive and 
concrete. It was found that the interfacial behaviour between the FRP and the concrete 
is affected by the properties of the concrete, especially the concrete shear strength, as 
a result of the fact that only very few millimetres inside the concrete contribute to the 
total slip at the interface. Hence, the interfacial stress, slip and strength are directly 
proportional to the concrete tensile strength, and depend approximately on the square 
root of the concrete compressive strength. 
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2.3.6 Strengthening of RC Slabs Using Bonded FRPs 
In the following sections, a survey is presented on the use of FRP composites as an external 
strengthening technique for RC slabs in both shear and flexure. Also, a review of existing 
research relevant to the numerical analysis of FRP-strengthened slabs is provided. 
2.3.6.1 Punching Shear Strengthening of RC Slabs 
In the case of concrete slabs directly supported on columns, the shear stresses at the 
slab-column connection can cause punching failure. This type of failure is brittle and 
occurs suddenly without warning. A very common strengthening technique for such cases 
is based on using stud-shear reinforcement to increase the punching-shear strength and 
ductility of slab-column connections [Elgabry and Ghali, 1987; Ebead and Marzouk, 2002; 
El-Salakawy et al., 2003]. Test results have confirmed the effectiveness of well-anchored 
stud shear reinforcement in increasing the shear strength and ductility of slab-column 
connections. However, this method is not viable in many cases and using FRP composites 
is a good alternative for such cases. 
Ebead [2002] has studied the use of both CFRP strips and GFRP laminates for 
strengthening concrete slabs in shear. The strengthening materials were bonded to the 
concrete and fixed by vertical steel bolts to provide vertical shear reinforcement and to 
ensure a full interaction between the strengthening materials and the concrete, as shown in 
Figure 2.7. It was concluded that the strengthened specimens showed an average increase 
of about 9% in both stiffness and load carrying capacity over that of the corresponding 
reference specimen; the failure mode was classified as sudden punching shear failure. This 
gain was very low due to the local failure occurring in the FRP materials at the bolt loca-
tions, and due to the weak out-of-plane resistance of the FRP materials. A similar study 
was carried out by using a combination of shear bolts inserted into pre-drilled holes and 
prestressed against the concrete surface to improve the punching shear capacity, combined 
with external FRP reinforcement bonded to the tension face of slabs in two perpendicular 
directions to increase the flexural capacity of the slab [Harajli et al., 2006]. It was found 
that the use of this combination increased the flexural strength of the slab and resulted in 
a substantial improvement of the punching shear capacity. The corresponding increases 
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Figure 2.7: FRP strengthening of slab column connection [Ebead, 2002] 
attained levels between 34% and 77%. 
Another study was introduced by Harajli and Soudki [2003] using CFRP sheets as 
strengthening in order to improve the shear capacity of the concrete slabs. It was observed 
that the CFRP increased the flexural stiffness and improved the punching shear strength 
of the slabs. The increase in the flexural capacity modified the failure mode from a pure 
flexural mode to a combined flexure-shear mode or pure punching mode. Figure 2.8 shows 
a typical crack pattern at failure for one of these strengthened slabs. A further study was 
conducted using orthogonal, skewed and combined (orthogonal + skewed) configurations 
of CFRP strips bonded to slab column connections [Sharaf and Soudki, 2004; Sharaf et al., 
2006]. Results showed that different CFRP strip configurations did not affect the punching 
shear load but had a significant effect on the flexural cracking pattern. 
Another study investigated the punching shear strength of RC slabs externally strength-
ened by CFRP composites [Rochdi et al., 2004]. The slabs were strengthened with bidi-
rectional CFRP sheets bonded to the tension surface over the whole slab width. It was 
found that the deflections of the strengthened slabs were considerably lower than those of 
the control slab. Another experimental investigation was conducted on the behaviour of 
existing RC slabs strengthened using shear reinforcement consisting of horizontal exter-
nally bonded CFRP composites and CFRP L-shaped plates inserted in pre-drilled holes 
in the slab [Biddah, 2004]. A similar study was carried out using CFRP laminates in a 
stitch-like manner in pre-drilled holes in the slabs [Binici and Bayrak, 2005; Sissakis and 
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Figure 2.8: Punching shear failure of CFRP-strengthened slab [Harajli and Soudki, 2003] 
Sheikh, 2007]. The continuous loop of CFRP laminate formed a solid ring of reinforce-
ment that also confined the concrete, as shown in Figure 2.9. The experimental results 
showed that this technique was effective since it led to higher ultimate loads and higher 
deflections than those of other techniques. 
2.3.6.2 Flexural Strengthening of RC Slabs 
One-way slab strengthening using FRP composites has been investigated in many exper-
imental programs. Simply supported one-way slabs were tested under three-point flexure 
test conditions by Seim et al. [2001] and Taan and Davies [2004]. It was concluded that 
the thickness of the adhesive layer did not result in a significantly different response. The 
slabs failed mainly by delamination of the FRP close to the mid-span and continued to-
wards the ends with a transition to peeling off of the FRP composites showing a more 
brittle failure than the reference specimens. Another study was carried out by [Erki and 
Heffernan, 1995] on one-way and two-way simple RC slabs strengthened externally with 
FRP sheets. Different orientations were used for the FRP textile directions in the same 
directions as the steel reinforcement and inclined by 45° on the steel direction. The slabs 
strengthened with FRP sheets showed an improvement in the flexural stiffness of the slabs, 
which resulted in delaying the first flexural crack. The slabs strengthened with the 45° 
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(b) Elevation 
Figure 2.9: Installation of external CFRP stirrups [Binici and Bayrak, 2005] 
orientation of the FRP sheets were neither as stiff nor as strong as the slab strengthened 
with FRP sheets oriented in the same directions of the steel. 
An investigation on the flexural strengthening of two-way slabs using CFRP strips and 
GFRP laminates was conducted by Ebead [2002]. The flexural strengthening materials 
were bonded at the middle of the slab on the tension side in both directions. It was con-
cluded that the strengthened specimens showed an average increase in the load capacity 
of about 30-40% over that of the control specimen. Another investigation on the flexural 
strengthening of reinforced concrete two-way slabs with CFRP strips bonded to the tensile 
face was carried out by Limam et al. [2003]. One slab was strengthened with CFRP strips 
while the other was a control specimen without strengthening. The CFRP strips were 
distributed at an equal spacing over the whole slab width in each direction. The strength-
ened slab showed a higher load capacity up to 250% more than that of the unstrengthened 
specimen but with much lower ductility. The debonding failure of FRP-strengthened slab 
is shown in Figure 2.10. 
A study was carried out on steel-free fibre reinforced one-way concrete slabs strength-
ened with high elasticity/strength CFRP sheets by Hassan et al. [2004] where 0.2% by 
volume of polypropylene fibres was mixed with the concrete. The tests proved that both 
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Figure 2.10: Debonding failure of FRP-strengthened slab [Limam et al., 2003] 
high modulus and high strength sheets increased the rigidity of the steel-free slabs un-
til delamination occurred. The overall enhancement in both the cracking and ultimate 
load for the strengthened slabs was 120-150% compared to that of the unstrengthened 
specimen. Another study on the response of unreinforced and reinforced concrete slabs 
repaired with FRP composites is that of Mosallam and Mosalam [2003]. All tested slabs 
were simply supported on all sides and a uniformly distributed pressure was applied to 
the slabs using a high-pressure water bag. The FRP strips were distributed with an equal 
spacing over the whole slab width in each direction. The repaired slabs showed an increase 
in ultimate capacity of up to 500% for the unreinforced slabs and 200% for the reinforced 
slabs. A localized compression failure of the concrete was the common failure mode with 
some localized debonding near the ultimate load. 
Another investigation on the use of prestressed CFRP sheets for strengthening two-way 
RC slabs in flexure was carried out by Longworth et al. [2004]. A comparison was made 
between prestressed and non-prestressed CFRP sheets. The prestressing was carried out 
by directly tensioning the sheets and reacting on brackets fixed in the slab, as presented in 
Figure 2.11. The non-prestressed sheets had little effect on the slab serviceability and the 
flexural strength was significantly increased. The prestressed sheets significantly improved 
the rigidity and serviceability of the slab and reduced the strains in the internal steel. 
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Figure 2.11: Reinforced concrete slab strengthened with prestressed FRP sheets [Longworth 
et al., 2004] 
2.3.6.3 Strengthening of RC Slabs With a Cut-Out 
The flexural response of one-way RC slabs with a cut-out and strengthened with FRP 
composites was experimentally investigated by Vasquez and Karbhari [2003]. The cut-out 
was formed at the centre of the slab after casting to simulate the actual field conditions. 
Loading was applied through two points along or parallel to the edge support. The 
strengthening FRPs were applied around the cut-out. It was found that this strengthening 
system enabled the capacity reduced by the presence of the cut-out to be restored while 
mitigating and retarding crack growth. A similar study was carried out on six prototype 
one-way RC slabs with cut-outs strengthened with externally bonded CFRP systems and 
subjected to distributed line loads [Tan and Zhao, 2004]. The results were compared to 
those of a solid slab without a cut-out and a slab with an unstrengthened cut-out. The 
CFRP system proved to be effective in enhancing the load carrying capacity and stiffness 
of RC slabs with a cut-out. 
Another study was carried out on full-scale two-way RC slabs with a central cut-out 
strengthened with CFRP strips by Enochsson [2005]. The slabs were simply supported and 
loaded with a uniform load by air-bag system, as shown in Figure 2.12. It was concluded 
that externally bonded CFRP strips could be used to regain the capacity of the concrete 
slab. Ultimate failure occurred through a sequence of cracking and debonding of the FRP 
composite. 
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Figure 2.12: The test setup used by Enochsson (2005) 
2.3.6.4 Modelling of FRP-Strengthened RC Slabs 
A technique for the nonlinear analysis of RC slabs under various loading conditions was 
developed by Reitman and Yankelevsky [1997]. The technique was based on the nonlinear 
finite element analysis of a grid representing the slab. The yield-line scheme of the plate 
was considered to obtain the optimal grid arrangement such that the orthogonal grid axes 
intersect at the yield-line. A new constitutive model for the concrete was suggested based 
on a refined analytical description of the stress-strain curve of concrete. Each grid was 
presented by a 2-node 3-D anisotropic beam element. This technique was simple, efficient, 
and capable of predicting the RC slab behaviour under various loading conditions. 
A nonlinear finite element model was proposed by Marzouk and Chen [1993] in order to 
investigate the structural behaviour of RC slabs using the commercial program ABAQUS. 
The concrete and steel material models used were those provided in the ABAQUS library. 
Due to geometrical and loading symmetry, only one quarter of the slab was modelled; an 
8-node shell element with six degrees of freedom at each node was used. A similar model 
was introduced by Ebead [2002] in order to study the behaviour of FRP-strengthened RC 
slabs. ABAQUS has the advantage of defining the shell element as a multi-layer element. 
This advantage enables representing the concrete, the reinforcement steel, and the FRP 
composite as constituent layers in the shell element. A full bond was assumed between 
the concrete, the steel reinforcement and the FRP composites. A similar computational 
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model was developed by Mosallam and Mosalam [2003] for analyzing FRP-strengthened 
two-way RC slabs using the commercial program DIANA 7.2. The FE model consisted of 
eight node quadrilateral shell elements based on isoparimetric degenerated solid approach. 
The thickness of the shell element was subdivided into several layers where each layer has 
its own material properties. This model showed good agreement with the experimental 
results in terms of ultimate load carrying capacities. A similar approach was introduced 
by Limam et al. [2003] where the FRP-strengthened slabs was designed as a three-layered 
plate using a simplified laminated plate model. The bottom layer represented the FRP 
strip, the middle layer represented the steel reinforcement, the upper layer represented 
the compressive concrete, and the tension zone in concrete was neglected. Failure could 
occur with a kinematic field discontinuity at any of the three layers or at the interface 
between adjacent layers. The proposed technique was effective for correctly predicting the 
ultimate load capacities and failure mechanisms of the bonded FRP-strengthened slabs. 
In another investigation, a beam analogy was used to provide an approximate simula-
tion of the overall response of FRP-strengthened one-way slabs [Seim et al., 2001]. The 
moment-curvature relationship and a hypothetical three-stage load displacement curve 
was used. The hypothetical three-stage presented the uncracked response, the response 
before the yielding of the steel, and the yielding of the steel and failure of either concrete 
or the FRP composites, respectively. 
Another numerical analysis was introduced by Enochsson [2005] for simply supported 
slabs with cut-outs strengthened with CFRP sheets. The commercial finite element pro-
gram ABAQUS was utilized for the analysis. An ideal bond was assumed between the 
bonded FRP and the concrete. It was recommended to take into account the bond be-
haviour at the FRP/concrete interface for such applications. 
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Figure 2.13: Mechanically fastening of FRP strips to concrete surface 
2.4 Mechanically Fastened F R P Strengthening Sys-
t em 
2.4.1 General 
A new strengthening technique has recently been introduced based on mechanically fas-
tening (MF) FRP plates to the concrete, without any bonding, by means of closely spaced 
powder actuated fasteners, as shown in Figure 2.13. This technique utilizes off-the-shelf 
tools to attach pultruded FRP strips to the concrete. This technique has many advan-
tages such as its rapid installation using simple hand tools, no special labour skills are 
needed, and no surface preparation is required. With this system, it is also possible to use 
the strengthened structure immediately after the installation of the FRP strengthening 
strips. Furthermore, this system provides an anchorage mechanism since it consists of 
using mechanical fasteners [Bank, 2004]. 
With this technique, the attached FRP strips must have a high bearing strength as 
well as high longitudinal strength. The fasteners are embedded into the concrete using a 
powder actuated fastening gun. Adequate embedment of the fasteners is required in order 
to secure the FRP strip to the concrete surface [Lamanna et al., 2004a]. The fasteners 
can be shot directly into the concrete surface, or can be driven in shallow pre-drilled 
28 
2.4. MECHANICALLY FASTENED FRP STRENGTHENING SYSTEM 
holes in the concrete. The latter is recommended to reduce initial surface cracking and 
concrete spoiling during the fastener driving and to increase the tensile and shear capacity 
of the embedded fastener. Another fastener type is introduced in this dissertation. The 
installation of this fastener is based on screwing into concrete instead of shooting in order 
to avoid the concrete spoiling and surface cracking associated with the shooting technique. 
Full details regarding this technique, the fastener types, and the fastening procedure will 
be given in Chapter 3. 
2.4.2 Mechanically Fastened FRP-Strengthened RC Beams 
A few research investigations have examined the feasibility of using the MF technique for 
the external strengthening of RC structures. In one of these investigations, small-sized 
beams strengthened with MF FRPs were tested, and the results were compared with the 
results from beams strengthened with conventional bonded FRPs and to the results from 
a control beam [Lamanna et al., 2001]. The gained strength for the mechanically fastened 
technique was up to 70% of that from the conventionally bonded technique. The MF 
technique was extremely rapid and the failure modes of the strengthened beams were 
more ductile than those strengthened by the bonded method. Initial cracks developed in 
the concrete due to the shooting of the fastener. 
A series of 15 flexural tests were conducted on 304.8 x 304.8 x 3657.6 mm reinforced 
concrete beams [Lamanna et al., 2004a]. Two beams were unstrengthened, twelve were 
strengthened with mechanically fastened FRP strips, and one was strengthened with a 
bonded FRP strip. The effects of three different strip moduli, different fastener lengths 
and layouts, and predrilling holes were examined. It was concluded that, by using the 
mechanically fastened method, it was possible to achieve a failure mode similar to that of 
a conventional reinforced concrete beam. Predrilling holes reduced the amount of visible 
initial cracking and concrete spalling and allowed greater penetration of the fasteners, 
resulting in a better overall strengthening and ductility. 
Another study by Lamanna et al. [2004b] investigated this technique for 8840 mm long 
full-scale T-beams. The effect of the reinforcement ratio, the bonded length and the num-
ber of attached FRP strips were studied. It was found that the strips separated from the 
concrete after experiencing deformations larger than any permitted service specifications. 
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Figure 2.14: (a) Bearing failure at the FRP plate end (b) FRP delamination at mid-span of 
MF FRP-strengthened beam [Lamanna et al., 2004b] 
For the beams strengthened with one FRP strip and having a bonded length of 7.56 m, 
the strip separation initiated at the end of the strip and propagated towards the mid-span. 
When using two strips of FRP composite and increasing the bonded length to 8.22 m, the 
separation initiated at the mid-span and propagated towards the strip end. The former 
type of failure occurred due to bearing failure in the FRP strip, while the latter one was 
due to fastener prying out of the concrete, (see Figure 2.14). 
Other full-scale laboratory specimens were fabricated and tested in an effort to demon-
strate the performance of the MF FRP system [Bank et al., 2003]. The specimens were 
7300 mm long with a cross section of 500 x 500 mm. Four specimens were tested, Speci-
men C-l served as a control, specimens FRP-1 and FRP-2SS were strengthened with two 
FRP strips, and the fourth (FRP-3) was strengthened with three FRP strips. For all the 
strengthened specimens the ultimate strength was attained when local crushing occurred 
in the compression zone in the moment span. With continued loading, the behaviour 
was similar to the "pseudo-ductile" behaviour seen in over-reinforced concrete beams. 
Figure 2.15 shows the load-deflection comparison between the control beam and the MF 
FRP-strengthened beams. Ultimately, Specimen FRP-1 collapsed due to fastener pull-out 
at the mid-span. A sustained bearing failure was observed at the plate ends; however, the 
FRP strip remained attached to the concrete throughout the test. For Specimen FRP-
2SS, the second failure was FRP rupture due to horizontal splitting in the FRP strip. 
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Figure 2.15: Load-deflection comparison between the control beam and the MF FRP-
strengthened beams [Bank et al., 2003] 
This might have occurred because of the possibility that the fastener washers damaged 
the FRP strip due to the lack of a neoprene backing. For Specimen FRP-3, a cover de-
lamination near one end of the strip was observed. Average increases of 35% and 58% 
were gained at ultimate over the control specimen for the beams strengthened with two 
and three strips, respectively. In addition to the improved capacity, a significant ductility 
was observed. 
Galati et al. [2007] studied the effect of anchoring systems on the performance of FRP 
strengthening systems. Five RC beams were strengthened with pre-cured FRP laminates 
using chemical and mechanical anchoring devices. The results showed that the use of 
anchors increases the ultimate capacity of the strengthened beam, and the mechanically 
fastened FRP system is a valid alternative to the bonded FRP systems. In addition, the 
use of the MF system results in a pseudo-ductile mode of failure. 
Lee et al. [2007] have investigated the characteristics of the shear capacity of mechani-
cally fastened FRP/concrete joints. Direct shear tests were performed on concrete blocks 
with FRP strips fastened using one fastener. Also, flexural tests were performed on 150 x 
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Figure 2.16: Load per fastener versus concrete strain according to (a) Model 1 and (b) Model 
2 [Lee et al., 2007] 
200 x 1520 mm RC beams strengthened with MF FRP strips. Based on the experiential 
observations, two models for the FRP/concrete connection were developed and used to 
plot the moment-deflection curves of MF FRP-strengthened beams; there are shown in 
Figure 2.16. In Model 1, a perfect bond was assumed between the FRP and the con-
crete up to the maximum shear capacity of the fastener, while Model 2 accounts for the 
interfacial slippage effect. Using these models and the obtained material properties for 
the steel and concrete, moment-deflection curves were developed using the virtual work 
approach. Model 2 shows a more realistic curve in comparison to Model 1, as can be seen 
in Figure 2.17. 
Another investigation by Lee et al. [2007] studied the short-term effects of simultane-
ous environmental exposure and sustained load on RC beams strengthened with MF FRP 
strips. Different types of fasteners and anchors were used in this investigation. The tested 
beams were subjected to two different conditions: outdoor weather and high temperature 
effects. A total of 60 freeze/thaw cycles were obtained from the outdoor hourly temper-
ature data. The applied sustained moment at mid-span was about 27% of the concrete 
crushing moment of the MF FRP-strengthened beam. It was found that no degradation 
under the different environmental conditions with and without sustained load occurred 
during a six-month trial period. 
In addition to the above laboratory investigations, several case studies have been con-
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Figure 2.17: Plots of moment versus deflection curves predicted by [Lee et al., 2007] 
ducted to address the analysis, design, installation, and testing for five old deficient bridges 
[Borowicz et al., 2004; Lopez et al., 2005; Rizzo et al., 2005]. In all situations, the MF 
FRP system proved to be a feasible solution for the strengthening of the major damaged 
areas of the bridges. 
2.5 Summary 
It has been demonstrated, through research and various field projects, that FRPs are 
effective for strengthening a wide variety of concrete structures. Recently, the mechan-
ically fastened FRP technique has emerged as an effective strengthening technique, due 
to the further improved serviceability and the increased ultimate loads. To date, the au-
thor is not aware of any published research that has studied the behaviour of two-way 
slabs strengthened with the MF FRP system. In addition, there has apparently been no 
theoretical work on the FRP/concrete interfacial behaviour for this new system. This is 
a promising area of research, particularly due to the success achieved in strengthening 
RC beams with this new system. This study aims at studying the feasibility of using the 
MF technique for strengthening concrete slabs. And to introduce appropriate interfacial 
models that describe the interfacial behaviour between the MF FRPs and concrete. These 
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models are exploited in finite element analyses of MF FRP-strengthened beams as well as 
strengthened slabs. 
In addition, numerical simulations to date of bonded FRP-strengthened slabs have 
usually been based on the assumption of full bond between the concrete and FRPs. In 
this Ph.D. work, a nonlinear finite element analysis of such applications is introduced 
with special emphasis on the FRP/concrete interfacial behaviour. Appropriate bond-
slip models for the interface are employed for a better understanding of the debonding 
phenomenon. 
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Experimental Program 
3.1 Introduction 
The experimental work in this study consisted of two main categories in which new ap-
plications on using the mechanically fastened (MF) technique were introduced. The first 
category was an application of direct shear tests on FRP/concrete joints, while the second 
category was an application of using FRP systems for strengthening RC slabs with and 
without cut-outs. For both categories, using the mechanically fastened as well as the con-
ventionally bonded FRP system was examined. Figure 3.1 summarizes the experimental 
program and the number of tested specimens for each category. This chapter outlines the 
material used to construct and to retrofit the test specimens. A detailed description of 
the experimental program is then given including full details of the test specimens, the 
construction procedures, and the test setup for both the FRP/concrete joints and the 
FRP-strengthened slabs. 
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Figure 3.1: Description of the experimental program and the number of specimens 
3.2 Materials 
3.2.1 Concrete 
The concrete mix was designed for an average target cylinder compressive strength of 35 
MPa after 28 days. Concrete cylinders and small concrete beams measuring 150 x 300 
mm and 100 x 100 x 400 mm, respectively, were cast for subsequent compressive and 
tensile strength testing. Whenever possible, the samples were tested concurrently with 
the testing of the corresponding direct shear and slab specimens. 
For the direct shear tests, one batch was used to cast all the concrete blocks. The mix 
was fabricated from a normal density concrete with a maximum aggregate size of 14 mm. 
The average actual cylinder compressive strength of these concrete blocks was 42.1 MPa 
and the mean tensile strength from the standard four-point flexure tests was 3.5 MPa. 
For the slabs, the concrete was obtained from a local ready-mix concrete company. Due 
to limitations on laboratory space, one slab was constructed during each of nine separate 
concrete pours. The average actual cylinder compressive strengths and the mean tensile 
strengths for the tested slabs are given in Section 3.4.2. Figure 3.2 shows representative 
results for the stress-strain relationship for the tested samples. 
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Figure 3.2: Representative results for the stress-strain relationship of concrete 
3.2.2 Reinforcing Steel 
Normal deformed bars, of size M10 (Grade 400), were used for all of the reinforcing steel 
in the slab constructions. Bar samples were cut randomly from the reinforcing steel used 
in the slabs. The samples were prepared at mid-length to localize the zone of yielding and 
fracture over a specified gauge length of 100 mm. The loading rate in tension was held 
constant (12.7 mm/min) to ensure a well-defined yield point. The average yield strength 
and modulus of elasticity were 325.4 MPa and 255.9 GPa, respectively. Figure 3.3 shows 
the stress-strain relationships for the tested samples. 
3.2.3 Fibre Reinforced Po lymer ( F R P ) 
A special hybrid (carbon and glass) FRP composite (SAFSTRIP®) was used in this in-
vestigation. This type of FRP product is distinguished by its high bearing strength as 
well as high tensile strength. It is composed of carbon tows sandwiched between layers 
of fibre glass mats and rovings. The materials are bonded together by a highly corrosion 
resistant vinylester resin. Carbon fibres increase the stiffness of the strip while the glass 
mats provide the proper bearing strength. These combined properties allow SAFSTRIP® 
to be mechanically attached to a structural member. A synthetic surfacing veil is also 
0.002 0.004 
Strain 
0.006 0.008 
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Figure 3.3: Stress-strain relationships for the steel reinforcement 
incorporated into the composite to improve resistance to corrosion and ultraviolet degra-
dation. The strips were tested in the laboratory according to the ASTM D3039 standard 
[ASTM-D3039, 2000]. The stress-strain relationship was essentially linear up to failure 
as shown in Figure 3.4. Two different FRP batches were used in the experiments. The 
average modulus of elasticity and tensile strength were found to be 60.3 GPa and 834.5 
MPa for the case of the direct shear tests with a standard deviation of 3.56 MPa and 
50.9 MPa, respectively. For the case of the FRP-strengthened slabs, the average modulus 
of elasticity and tensile strength were found to be 71.72 GPa and 1002.4 MPa with a 
standard deviation of 3.1 MPa and 44.6 MPa, respectively. 
3.2.4 Fasteners and Washers 
Two types of fasteners, shot and screwed, were used in this study, as shown in Table 3.1. 
The shot fasteners had a 47 mm shank length and a 3.73 mm shank diameter and were 
driven into the concrete blocks using a powder actuated gun. These fasteners were made 
of hardened steel and zinc plated to provide corrosion resistance. The screwed fasteners 
had a 37 mm shank length and a 4.76 mm shank diameter and installed into the concrete 
using a drilling tool. These fasteners were made of stainless steel and covered with a 
special coating material to also provide protection against corrosion. 
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Figure 3.4: Stress-strain relationships for the FRP composites 
For both types of fasteners, neoprene backed washers were used with each fastener. 
The washer diameters used with the shot and the screwed fasteners were 13 and 16 mm, 
respectively. The use of washers is strongly recommended to prevent the FRP from being 
damaged by the fastener head during the installation process. Also, the existence of 
the washers provides a clamping pressure on the FRP strip which increases the bearing 
strength of the FRP at the fastener locations. 
Table 3.1: Types of fastener 
Type 
X-AL-H 47P8 
TAPCON 
Material 
Zinc plated 
hardened steel 
Stainless steel with 
stalgard coating 
Shank 
length 
(mm) 
47 
37 
Shank 
diameter 
(mm) 
3.73 
4.76 
Photo 
^ • 
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Figure 3.5: Test specimens of the FRP/concrete joints 
3.3 Direct Shear Test Specimens 
The direct shear test was found to be a very convenient way to understand the basic 
behaviour between the attached FRPs and the concrete. In this work, 27 direct shear 
tests on FRP strips attached to concrete blocks were conducted. In the following sections, 
full details are provided about the test specimens, construction procedures, and the test 
setup. 
3.3.1 Test Specimens 
Table 3.2 summarizes the different configurations of the FRP/concrete joint specimens 
tested in this work. The FRP strip dimensions were 650 x 50 x 3.2 mm and were attached 
to concrete blocks of dimensions 150 x 150 x 400 mm as depicted in Figure 3.5. The 
strips were centred and clamped at the top of the concrete block. Then, the fasteners 
were driven or hammered into the concrete in pre-marked locations. A clear distance of 
75 mm was left at each end of the block to avoid concrete spalling during the installation 
of the fasteners. The fastened length as well as the bonded length was 250 mm for all the 
specimens, as shown in Figure 3.5. 
The concrete blocks were identified by the codes listed in the first column of Table 3.2. 
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The identifications SH and SC are used for specimens fastened with shot and screwed 
fasteners, respectively, while the term CB is used for conventionally bonded specimens. 
The specimens identified by ST mean that a steel plate was used instead of an FRP plate. 
In this particular case, a screwed fastener was used to fix the steel plate to the concrete 
block. The numbers in the specimen IDs represent the number of fasteners used to fix the 
plate to the concrete block. 
Table 3.2: Configurations of the FRP/concrete joint specimens 
ID 
SH01 
SC01 
ST01 
SH03 
SC03 
SH04 1 
SC04 
SH05 
SC05 
SH06 
SC06 
SC02 
SC09 
SC12 
CB 
No. of 
tests 
3 
6 
4 
2 
1 
1 
2 
Fastener type 
Shot fastener 
Screw 
Screw 
Shot fastener 
Screw 
Shot fastener 
Screw 
Shot fastener 
Screw 
Shot fastener 
Screw 
Screw 
Screw 
Screw 
Bonded 
Fastener 
spacing 
(mm) 
— 
125 
83.3 
62.5 
50 
— 
50 
50 
— 
p
- c 
'-C 
p
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r
—\ 
e
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3.3.2 Construction Procedure of FRP/Concrete Joints 
In the following two sections, the procedure of FRP attachment to the concrete blocks 
is explained. The commonly used fastening method of shooting the fasteners may cause 
local cracking, concrete spalling and local damage to the FRP strip around the fastener. 
Another fastener type, see Table 3.1, is introduced based on screwing the fastener inside 
the concrete to avoid these drawbacks. 
3.3.2.1 Fastening FRP Composites to Concrete 
The commonly used fasteners were shot into the concrete using a powder actuated gun. 
Prior to shooting the fasteners, holes were predrilled to a depth of 10 mm inside the 
concrete as recommended in previous researches [Lamanna et al., 2004a,b]. The predrilled 
pilot holes reduce the amount of initial cracks and concrete spalling and allow for deeper 
penetration of the fasteners. Afterwards, the fasteners were shot into the concrete using a 
Hilti DX-A41 powder actuator gun. Neoprene backed 13 mm washers were used with each 
fastener. Commonly, local cracks were observed immediately after shooting the fasteners 
into the concrete and local damage to the FRP strips around the fasteners often occurred 
when using this type of fastener. 
For the screwed fasteners, it is recommended by the manufacturer to pre-drill holes to 
a depth inside the concrete of at least 6.35 mm larger than the fastener length to provide 
room for the displaced material while screwing the fastener. It is also recommended that 
the diameter of the predrilled hole be smaller than that of the fastener to guarantee 
a perfect bond between the fastener and the surrounding concrete. Hence, holes were 
predrilled to a depth of 45 mm inside the concrete with a diameter of 3.97 mm. After 
predrilling, the fasteners were screwed inside the concrete using a screwing tool. Neoprene 
backed 16 mm washers were used in this case. Neither local cracks nor concrete spalling 
was observed. Furthermore, no local damage was observed for the FRP strips when 
screwing the fasteners into the concrete. 
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3.3.2.2 Bonding FRP Strips to Concrete 
Two specimens were prepared where FRP strips were adhesively bonded to the concrete 
blocks for the sake of comparison between the bonded and the fastened techniques. The 
bonded length was kept the same as the fastened length in the MF system. The concrete 
surface was first ground, blasted and then cleaned. A two-component epoxy paste adhesive 
(Sikadur 30) was used for bonding the FRP strips to the concrete. The tensile strength 
and the modulus of elasticity of the adhesive were 24.8 MPa, and 4.5 GPa, respectively, 
based on the manufacturer's data. A minimum of a relatively uniform thickness of 2-3 
mm of the adhesive layer was used. The bonded specimens were allowed to cure for 7 
days before testing. 
3.3.3 Test Setup for FRP/Concrete Joints 
The test setup is shown schematically in Figure 3.5, and detailed drawings of the apparatus 
are illustrated in Figure 3.6. The test system consisted essentially of an FRP strip (4) 
attached to a concrete block (13), which was then inserted into a conventional tensile 
loading frame (1). The assembly was supported in such a way that there was direct 
shear at the FRP/concrete interface. By pulling on the FRP strip, the face of the upper 
concrete section came into contact with the bearing plate (8). The resulting bearing 
pressure was transmitted to the two U-shaped steel supports (9) via the upper shear 
connector plate (7). Longitudinal steel supports transmitted the applied load to the 
lower part of the frame via the threaded steel rod (14) and the lower platform of the 
frame (16). In mounting the test specimens, special precautions were taken to ensure 
proper alignment. Linear variable displacement transducers (LVDTs) were built into the 
apparatus to measure the deformations. The load was applied using displacement control 
to avoid uncontrolled failure at the maximum loads. The displacement rate was 0.5 
mm/min. Electrical resistance strain gauges, 5 mm in length, having a resistance of 120 
± 0.3% and a gauge factor of 2.070 ± 0.5% were used to measure the strains along the 
FRP strips. The LVDTs and the electrical strain gauges were connected through a master 
panel to a data acquisition system. 
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1. Frame 
2. Load cell 
3. Servo-hydraulic grips 
4. FRP laminate 
• 5. Aluminum attachments 
6. Steel bolts 
7. Upper shear connector 
8. Roller bearing 
9. Two U-shaped supports 
-10. Aluminum ring support for LVDTs:'%J 
ll.'LVDTs 
12": Steel rods to secure the test specimen•*$£ 
13. Tlie concrete block 
14.-Threaded steel rod 
,15. A counter-twisting attachment 
16. The lower platform of the 
flame 
17. Piston of theMTS system 
Figure 3.6: Test setup for the direct shear application 
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3.4 FRP-Strengthened Concrete Slabs 
In this part of the experimental work, an innovative application on using the MF technique 
for strengthening RC slabs was introduced. The following is a description for the tested 
specimens, the instrumentation, and the test procedure. 
3.4.1 Test Specimens 
Nine full-scale reinforced concrete slabs, with and without a cut-out, were tested to as-
sess the performance of using the mechanically fastened FRP composite as an external 
strengthening technique. Two series of slabs were examined, namely SW and SO, respec-
tively, as illustrated in Table 3.3. The first series, SW, consisted of five slabs without a 
cut-out where central loading was applied, as shown in Figure 3.7-a. The second series, 
SO, consisted of four slabs with a central squared cut-out of a side length of 800 mm. For 
this series, the slabs were subjected to a line load around the cut-out using a special load-
ing frame as shown in Figure 3.7-b. In each slab series, one slab was left unstrengthened 
to serve as a control and another slab was strengthened with the conventionally bonded 
FRP system. The mechanically fastened system was used to strengthen the remaining 
slabs. Figure 3.8 and Figure 3.9 depict the strengthening patterns for series SW and SO, 
respectively. 
The concrete slabs were identified by codes listed in the second column of Table 3.3. 
The identifications SW and SO are used for slabs without and with a cut-out, respectively. 
The term Ctrl refers to the control specimen. The term F means that the specimen 
was strengthened with the mechanically fastened system, while the term B is used for 
conventionally bonded specimens. The specimens strengthened with middle FRP strips 
were identified by the term MS, while the term SS is used when separated FRP strips 
were used. The terms 1R and 2R indicate either one or two rows of fasteners was/were 
used to fix the FRP strip, respectively. The numbers in the specimen IDs represent the 
spacing between the fasteners. The different configurations of the strengthening schemes 
are illustrated in Table 3.4. 
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Table 3.3: Description of slab specimens 
Series 
'So 
sw
 
it 
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Designation 
SW-Ctrl 
SW-F-MS-100 
SW-F-MS-50 
SW-F-SS-50 
SW-B-MS 
SO-Ctrl 
SO-F-1R-50 
SO-F-2R-50 
SO-B 
Description 
Control slab without opening traditionally reinforced. 
Slab without opening strengthened with MF FRP using 
three middle strips with fastener spacing of 100 mm. 
Slab without opening strengthened with MF FRP using 
three middle strips with fastener spacing of 50 mm. 
Slab without opening strengthened with MF FRP using 
three separate strips with strip spacing of 500 mm and 
fastener spacing of 50 mm. 
Slab without opening strengthened with conventionally 
bonded FRP using three middle strips. 
Control slab with opening traditionally reinforced. 
Slab with opening strengthened with MF FRP using four 
strips around the opening with one row of fasteners and 
fastener spacing of 50 mm. 
Slab with opening strengthened with MF FRP using four 
strips around the opening with two rows of fasteners and 
fastener spacing of 50 mm. 
Slab with opening strengthened with conventionally 
bonded FRP using four strips around the opening. 
Table 3.4: Slab configurations 
Designation 
SW-Ctrl 
SW-F-MS-100 
SW-F-MS-50 
SW-F-SS-50 
SW-B-MS 
SO-Ctrl 
SO-F-1R-50 
SO-F-2R-50 
SO-B 
Strengthening 
technique 
n/a 
Mechanically 
fastened 
Bonded 
n/a 
Mechanically 
fastened 
Bonded 
No. of 
fasteners 
n/a 
105 
240 
240 
n/a 
n/a 
156 
296 
n/a 
No. of 
fastener 
rows 
n/a 
1 
1 
1 
n/a 
n/a 
1 
2 
n/a 
Fastener 
spacing 
(mm) 
n/a 
100 
50 
50 
n/a 
n/a 
50 
50 
n/a 
No. of 
FRP 
strips 
n/a 
6 
n/a 
4 
FRP strips 
spacing 
(mm) 
n/a 
100 
100 
500 
100 
n/a 
950 
950 
950 
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Figure 3.7: Principal sketch of test setup and construction for SW and SO series 
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Figure 3.8: Arrangement of FRP strips for SW series (dimensions in mm) 
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Figure 3.9: Arrangement of FRP strips for SO series (dimensions in mm) 
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3.4.2 Construction of the Specimens 
Nine different concrete batches were used to construct the slab specimens. For each 
of them three concrete cylinders and three small concrete beams were manufactured to 
measure the compressive and the tensile concrete strengths, respectively. The different 
material properties of the concrete, reinforcing steel, and FRP composites used for the 
slab specimens are summarized in Table 3.5. 
The slab dimensions were 2600 x 2600 x 120 mm simply supported on the four sides. 
The slabs were designed and constructed to fail in flexure. The reinforcement ratio was 
kept constant across the entire slab width, as depicted in Figure 3.7. One layer of steel 
reinforcement of grade 400 was used in tension. The steel rebars consisted of No. M10 
deformed bars at 280 mm spacing with a reinforcement ratio of 0.47% in the two directions. 
The clear cover to the reinforcement was 20 mm in all cases, leading to an effective depth 
of 95 mm for the tension steel. For the SO series, the steel reinforcement bars were stopped 
at the cut-out edge to simulate the case of a cut-out opening. Figure 3.10 shows part of 
the construction process for one of the SW series slabs. 
Table 3.5: Material properties of the slab specimens 
Specimen 
SW-Ctrl 
SW-F-MS-100 
SW-F-MS-50 
SW-F-SS-50 
SW-B-MS 
SO-Ctrl 
SO-F-1R-50 
SO-F-2R-50 
SO-B 
Concrete 
MPa 
37.3 
39.8 
41.4 
42.2 
46.3 
46.6 
43.3 
42.7 
49.3 
GPa 
23.7 
22.7 
22.9 
23.3 
27.1 
25.1 
L21.9 
22.3 
23.3 
/ , 
MPa 
2.45 
2.4 
2.35 
2.35 
3.05 
2.75 
2.7 
2.65 
2.7 
Steel 
f, 
MPa 
325.4 
E, 
GPa 
255.9 
FRP 
J frpu 
MPa 
n/a 
1002.4 
n/a 
1002.4 
EfrP 
GPa 
n/a 
71.72 
n/a 
71.72 
To promote proper curing and to avoid excessive evaporation of water, the slabs were 
covered with plastic immediately after they were poured. A light spraying of water was 
regularly applied to the top surface of the slabs for the initial 14 days of curing. Once the 
initial curing period (14 days) had expired, the plastic and formwork were removed and 
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Figure 3.10: Construction of SW series specimen 
the slabs were stacked and allowed to cure further up until the time of strengthening and 
testing. 
3.4.2.1 Fastening FRP Strips to Concrete Slabs 
For the SW series, two different schemes were used for the strengthening, as depicted in 
Figure 3.8. The FRP strips were either attached to the slab centre or separately attached 
with a centre-to-centre spacing of 500 mm. For both schemes, six FRP strips were used. 
In the case of the SO series, only one strengthening scheme was used where four FRP 
strips of the same dimensions were attached to the concrete surface around the cut-out, 
as shown in Figure 3.9. In all cases, the FRP strip dimensions were 2000 x 100 x 3.2 mm. 
Due to the problems mentioned previously associated with using shot fasteners, only 
screwed fasteners were used in the slab strengthening. Prior to screwing the fasteners, 
holes were predrilled to 45 mm deep inside the concrete with a diameter of 3.97 mm as 
recommended by the manufacturer and illustrated earlier in Section 3.3.2.1. Afterwards, 
the fasteners were screwed inside the concrete using a regular screwing tool. Figure 3.11 
shows the procedure of fastening the FRP to the concrete surface. Neoprene backed 16 
mm washers were used with each fastener to protect the FRP and to increase the bearing 
strength of the FRP strip at the fastener locations. Almost 99% of the fasteners were 
embedded successfully into the concrete. The fastener may fail to penetrate the concrete 
to its full length when it meets a solid aggregate, a steel bar, an air pocket, or when the 
pre-drilled hole is not deep enough. 
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(a) (b) 
Figure 3.11: Fastening FRP strips to concrete (a) drilling holes, (b) screwing fasteners into 
the pre-drilled holes 
3.4.2.2 Bonding FRP Strips to Concrete Slabs 
For each series, one specimen was strengthened with the conventionally bonded method. 
The same FRP type and the same FRP dimensions were used as in the case of the MF 
system. The concrete surface was first ground and blasted and then cleaned to provide 
an open pore surface. The specimens were held vertically during the FRP installation. 
A two-component epoxy paste adhesive (Sikadur 30) was applied on both the concrete 
surface and the FRP material. Then, the FRP was bonded to the concrete surface. Nap 
rollers were used to ensure that there would be no voids beneath the FRP and concrete 
surface, as illustrated in Figure 3.12. The tensile strength and the modulus of elasticity of 
the adhesive were 24.8 MPa and 4.5 GPa, respectively, based on the manufacturer's data. 
A minimum relatively uniform thickness of 2-3 mm of the adhesive layer was used. The 
bonded specimens were allowed to cure for 7 days before testing. 
3.4.3 Instrumentation 
Strain gauges were used to measure strains in the internal steel reinforcement, concrete 
and FRP sheets at various locations. The strain gauge calibration was taken from the 
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(C) (d) 
Figure 3.12: Bonding FRP strips to concrete; applying adhesive layer (a) to concrete, (b) to 
the FRP strip, (c) attaching FRP strip to concrete and (d) finishing 
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Figure 3.13: Typical strain gauge locations (concrete and steel reinforcement) for (a) SW and 
(b) SO series (dimensions in mm) 
manufacturer's specifications. Potentiometers were used to measure the vertical deflections 
of the slabs under loading at several locations. Due to the inherent symmetry of the test 
setup, the instrumentation was generally concentrated in only one quadrant of each slab. 
Strain gauges for the steel and concrete were generally applied in the locations indicated 
in Figure 3.13. The strain gauges were bonded to the internal steel reinforcement before 
the concrete was poured and then protected with a urethane sealant and a layer of silicone. 
The gauges were placed on the bottom of the reinforcement to avoid damage while the 
concrete was being poured. The locations for the concrete gauges were ground flat, cleaned 
and the gauge was applied directly to the concrete surface. The gauge lengths for the 
concrete and steel strain gauges were 60 mm and 10 mm, respectively. Both types of 
strain gauges have a resistance of 120 ± 0.3% and a gauge factor of 1.2 ± 0.2%. 
For the MF FRP-strengthened specimens, strain gauges on the FRP strips were bonded 
directly before fastening the strips to concrete. In the case of the bonded specimens, strain 
gauges were applied directly to the top surface of the composite after the bonded adhesive 
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F5 F4 F3 F2 Fl 
5 x 200 mm 
(a) (b) 
Figure 3.14: Typical FRP strain gauge locations for (a) SW and (b) SO series (dimensions in 
mm) 
had cured. The F R P strain gauge locations varied slightly from slab to slab, but in general 
the layout was very similar to that shown in Figure 3.14. The gauges were first protected 
with a coating of urethane sealant and then a layer of silicone for mechanical protection. 
The strain gauges used on the FRP sheets have a resistance of 120 ± 0.3% with a gauge 
factor of 1.2 ± 0.2% and a gauge length of 10 mm. 
As indicated in Figure 3.15 below, vertical deflection measurements were taken at vari-
ous locations in one quadrant of each slab during testing. For this purpose, potentiometers 
were placed on the ground and attached to the bottom side of the slab via hard wires and 
located as specified in the figure. 
The potentiometer and electrical strain gauge readings were collected using a data 
acquisition system with an interface card equipped desktop computer. The system was 
set to continuously scan the instrumentation during testing and to save the raw data to a 
file at 5-second intervals. Raw data was later tabulated and analyzed using a spreadsheet 
program. 
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Figure 3.15: Typical potentiometer locations for (a) SW and (b) SO series (dimensions in mm) 
3.4.4 Test setup 
The structural steel testing frame, shown in Figure 3.16, was used for the testing of the 
slab specimens. The frame consisted of four large I-section columns (W12) and connected 
by a pair of horizontal I-section beams (W18). Each of the columns was bolted to the 
strong floor with two 32 mm threaded rods. A hydraulic actuator with a capacity of 500 
kN was hung in the middle of the frame from an upper horizontal I-section beam (W18). 
For the SW series, the load was applied directly in the centre of the slab over an area of 
400 x 400 mm2 , see Figure 3.16-a. A line load was applied to the SO series slabs around 
the cut-out on a perimeter of 1000 x 1000 mm loading contour, as seen in Figure 3.16-b. 
The slabs were 2600 x 2600 x 120 mm with a span length of 2400 mm. The specimens 
were supported by a steel frame that provided line supports distanced 100 mm from each 
slab edge. The line supports were provided around the slabs by a 25 mm diameter solid 
steel bar that was welded to the top of an I-section steel beam (W8). To avoid stress 
concentrations, the reactions were transmitted by a steel plate (50 mm width and 6 mm 
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(a) (b) 
Figure 3.16: Test setup for the slab specimens (a) without cut-out, (b) with cut-out 
thickness) from the support to the slab surface. Due to an uneven concrete surface, 
there were large difficulties to obtain full contact between the concrete surface and the 
supporting plate. To overcome this problem, a grout layer was placed between the two 
surfaces to fill these gaps. These supporting beams were rested on horizontal stiff I-section 
beams (W18) in one direction and on vertical box-section posts in the other direction 
every 800 mm. Special precautions were taken to prevent the up-lift movement of the slab 
corners by a set of steel plates and rods fixing the slab to the supporting frame at each 
corner. The slabs were not provided with lateral restraints. All slabs were tested under 
stroke control at a rate of 0.5 mm/min for the first loading stage up to steel yielding; 
afterwards the rate was doubled. 
57 
CHAPTER 4. EXPERIMENTAL RESULTS AND DISCUSSION 
Chapter 4 
Experimental Results and Discussion 
4.1 Introduction 
This chapter reports the results and observations obtained during the experimental part of 
this study. Results and observations obtained from the direct shear tests are first reported. 
Then, test results of the RC slabs, for both the SW and SO series, are presented in separate 
sections that include photographs, failure loads, modes of failure, load versus deflection 
curves, and load versus strain curves. 
4.2 Direct Shear Test Results 
Direct shear tests for MF FRP strips with only one fastener and multiple fasteners were 
performed to investigate the behaviour at the FRP-fastener-concrete connections. This 
behaviour is mainly characterized as a relationship between the applied load and a set of 
deformations. In the following sections, the effect of these deformations will be referred to 
as "slip" to make an analogy between the MF FRP system and the conventionally bonded 
FRP system. Here, the slip is a combination of different deformations; these are the 
bearing deformation, fastener rotation, horizontal deformation associated with fastener 
pullout and local concrete crushing. Also, two tests were performed using the convention-
ally bonded method for the sake of comparison. The following sections summarize the 
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Figure 4.1: Load-slip profiles for FRP/concrete joints with one fastener 
results of both the fastened and the bonded direct shear tests. 
4.2.1 Fastened FRP/Concrete Joints 
In this section, experimental results of MF FRP/concrete joints are reported. Based on 
these results, new models that describe the interfacial behaviour between the fastened-
FRP and the concrete substrate are developed. These models are referred to as "bearing-
slip" models and will be presented in Section 4.2.3. 
4.2.1.1 FRP/Concrete Joints with One Fastener 
Figure 4.1 shows the average load-slip relationships of the MF FRP/concrete joints when 
using a single shot (SH01) or a screwed (SC01) fastener. The load carrying capacity of 
Specimen SC01 was nearly 80% higher than that of Specimen SH01. This difference was 
expected due to the use of a larger shank diameter and the larger washer in the case of 
the screwed fastener. The larger shank diameter increased the contact bearing area at the 
FRP-fastener connection that, in turn, reduced the bearing stresses. The larger washer 
diameter increased the clamping pressure on the FRP strip around the fastener, and thus 
increased the plate bearing strength. 
59 
CHAPTER 4. EXPERIMENTAL RESULTS AND DISCUSSION 
12.0 -
10.0 -
8.0 -
v 6.0 -
co 
O 
_ l 
4.0 -
2.0 -
0.0 -
0 5 10 15 20 
Slip (mm) 
Figure 4.2: Load-slip profiles for specimens SC01 and ST01 
It was noticed that the load-slip relationship was nonlinear until the maximum load 
level was reached. Once the maximum load was reached, the load was almost constant 
for any further increase in the slip. Three types of deformations were observed during the 
tests; namely, bearing in the FRP plate, bending of the fastener, and local crushing in the 
concrete around the fastener. 
For a better understanding of the pre-bearing behaviour, another test (ST01) was 
conducted with the same configuration except that the FRP strip was replaced by a steel 
plate. The steel plate had the same dimensions as the FRP and was fixed to the concrete 
with one screwed fastener. In this case, due to the high bearing capacity of the steel, it 
was guaranteed that no bearing failure would occur. Figure 4.2 shows a comparison in 
terms of the load-slip profiles between the FRP and steel/concrete joint attached with 
one screwed fastener. For Specimen ST01, it was found that the governing mode of failure 
was shear failure in the fastener without any bearing failure in the steel plate. The load-
deformation relationship was essentially linear up to failure, as shown in Figure 4.2. It was 
observed that the behaviour of both the SC01 and ST01 specimens was the same up to 
the load level of P ~ 4.0 kN and both specimens experienced the same deformations; i.e., 
fastener bending and local concrete crushing. After that level, the stiffness of Specimen 
SC01 started to decrease due to the bearing initiation in the FRP strip. However after the 
bearing initiation in the FRP, the specimen could still sustain more loads until reaching 
. ST01 
/ \ SC01 
/T\____—— — Bearing initiation 
1 — \ 1 , 1 
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the maximum bearing strength at P ~ 7.0 kN. At that level, complete bearing failure in 
the FRP occurred and the specimen experienced high deformations at that peak load, as 
shown in Figure 4.2. Based on the former discussion, for the MF FRP/concrete joint, it 
can be concluded that the relationship is linear up to a certain level where the bearing of 
the FRP strip initiates. After bearing initiation, the behaviour is governed by a nonlinear 
relationship until complete bearing failure occurs. The post-bearing behaviour is almost 
constant with some variations due to the properties of the hybrid FRP strip where the 
exterior layers consist of randomly distributed short glass fibres. 
4.2.1.2 FRP/Concrete Joints with Multiple Fasteners 
Table 4.1 presents comparisons between shot and screwed MF FRP/concrete joints in 
terms of load capacities and modes of failure. Figure 4.3-a shows the load-slip relationships 
for specimens SH01 to SH06 with different numbers of shot fasteners. It is clear that, 
as the numbers of fasteners increased, the load capacity increased. All the specimens 
experienced a bearing mode of failure when reaching the bearing strength of the FRP 
strip. Moreover, after reaching the maximum load level the load-slip relationships had a 
descending part, as can be observed in Figure 4.3-a. This observation was not obvious for 
the case of using only one fastener. This can be due to two reasons. First, more cracks 
were created as the number of fasteners was increased. These cracks reduced the bond 
between the fasteners and the surrounding concrete, which led the fasteners to pull out 
of the concrete. Second, at high deformation levels, the washers tended to separate from 
the fasteners, thus reducing the clamping pressure around the fasteners and subsequently 
reducing the bearing strength. For Specimen SH03, after reaching the maximum load, 
the load descended rapidly as shown in Figure 4.3-a. This was due to the pullout of the 
last fastener at the unloaded end. This pullout occurred due to a huge transverse crack 
induced during the shooting process. Specimen SH05 also showed a relatively low stiffness 
and small load capacity, as seen in Figure 4.3-a, because of the large instant cracks induced 
during the shooting of the fasteners. 
Figure 4.3-b shows the load-slip relationships for the case of the screwed fasteners 
for specimens SC01 to SC06. Similarly, as more fasteners were used, higher load capac-
ities were obtained. In these cases, no descending part was observed after reaching the 
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Figure 4.3: Load-slip profiles of the FRP/concrete joints attached with different number of (a) 
shot fasteners and (b) screwed fasteners 
maximum load level. This is because of the fact that no pullout occurred and the FRP 
strip was still well-attached to the concrete surface until the end of the test. Figure 4.4 
shows specimens SH06, SC03 and SC04 after failure. It is obvious that Specimen SH06 
experienced fastener pullout, but Specimens SC03 and SC04 experienced bearing failure 
in the FRP strip without fastener pullout. 
Figure 4.5 shows the strain gauge readings at various load levels for representative 
specimens, SH06 and SC06, respectively. From these strain readings, the distribution 
trend corresponded to a linearly increasing distribution from zero at the unloaded end to 
a maximum value at the loaded end. The values of the FRP strains increased as the load 
was increased. Generally, the transfer length is defined as the distance from the loaded 
end to the point where the strains become zero. For the entire range of load levels, strain 
values were observed along the FRP strip which suggests that, for the MF FRP/concrete 
joints, the transfer length is equal to the fastened length. Moreover, the strains in the 
case of using screwed fasteners were 25% higher than those for the shot fasteners due to 
the higher capacity of the screwed fastener system. 
It was obvious that the minimum spacing of 50 mm cannot be reduced in the case 
of shot fasteners because of the cracks induced during the fastening process. Hence, two 
more specimens were tested (SC02) to investigate the feasibility of reducing this spacing 
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Table 4 .1: Ultimate load capacities and modes of failure of the FRP/concrete joint specimens 
ID 
SH01 
SC01 
ST01 
SH03 
SC03 
SH04 
SC04 
SH05 
SC05 
SH06 
SC06 
SC02 
SC09 
SC12 
CB 
Configuration 
1 
~
!
 ,
 +
 ' I 
1 p
— • • • 
1 
1 
1— • • • • 
r^ 
i 
?-_ 
I 
i 
r
— i • • • • • + 
! 
I P
— 1 X \ 
1 
1 ?
— i • x * : * : 
I 
l p
 i • • • • • • 
"^~"1 + + + + • + 
i 
! 
—1 
1 
Pavg. (kN) 
3.85 
6.98 
10.23 
13.13 
15.36 
16.81 
20.10 
20.38 
26.25 
27.53 
33.31 
13.49 
68.89 
86.23 
50.12 
Failure mode 
FRP bearing failure 
FRP bearing failure 
Fastener shear failure 
FRP bearing failure 
+ fastener pullout 
FRP bearing failure 
FRP bearing failure 
+ fastener pullout 
FRP bearing failure 
FRP bearing failure 
+ fastener pullout 
FRP bearing failure 
FRP bearing failure 
+ fastener pullout 
FRP bearing failure 
FRP bearing failure 
FRP bearing failure 
+ FRP rupture 
FRP rupture 
FRP debonding 
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Figure 4.4: Fastener pullout off the concrete block for Specimen SH06, (b) FRP bearing failure 
for specimens SC03 and SC04 
2 1000 
50 100 150 200 250 300 350 
Distance from the block end (mm) 
100 150 200 250 300 350 
Distance from the block end (mm) 
(a) (b) 
Figure 4.5: Strain profiles along the FRP strip for specimens (a) SH06 and (b) SC06 
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Figure 4.6: Load-slip comparison between specimens SC01 and SC02 
in the case of screwed fasteners. In these specimens, two screws were fastened in the 
same row, perpendicular to the loading direction, with a transverse spacing of 25 mm, 
as depicted in Table 4.1. It was found that the load capacity was almost twice that of 
Specimen SC01, as shown in Figure 4.6. As expected, for Specimen SC02, the bearing 
initiated at a load value 200% higher than that of SC01 because the contact bearing area 
was doubled; the corresponding slip value was the same (about 2.0 mm). This result led us 
to prepare other specimens with higher numbers of screwed fasteners in order to optimize 
the MF technique. Hence, two more specimens were prepared (SC09 and SC12), as shown 
in Table 4.1, using nine and twelve screwed fasteners, respectively. Both the longitudinal 
spacing of 50 mm and the fastened length of 250 mm were maintained the same. The tests 
showed that by increasing the fastener number, the mode of failure can be shifted from 
FRP bearing to FRP rupture. Figure 4.7 shows the load-slip relationships for Specimens 
SC06, SC09 and SC12. The load capacities for Specimens SC09 and SC12 were increased 
to 206% and 258%, respectively, over that of Specimen SC06. Specimen SC09 experienced 
cutting through the FRP around the fasteners associated with rupture of the FRP, while 
Specimen SC12 failed mainly due to FRP rupture indicating full utilization of the FRP 
plate, as shown in Figure 4.8. 
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Figure 4.7: Load-slip comparison between specimens SC06, SC09, and SC12 
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Figure 4.8: Failure modes for specimens (a) SC09 and (b) SC12 
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4.2.2 Bonded FRP/Concrete Joints 
Two identical conventionally bonded specimens (CB) were prepared in order to compare 
the results between the fastened and the bonded techniques in terms of ultimate load 
carrying capacities. The average load capacity of the bonded specimens was 50.12 kN 
with a standard deviation of 2.1 MPa, as shown in Table 4.1. The mode of failure was 
FRP debonding at the adhesive/concrete interface along the whole bonded length. It was 
observed that a thin concrete layer was attached to the FRP strip after failure. 
4.2.3 Proposed Bearing-Slip Models for the MF FRP/Concrete 
Interface 
Based on the experimental load-slip responses obtained for specimens SC01 and SH01, 
analytical models were proposed to describe the MF FRP/concrete interface for both 
the shot and the screwed fastener. Figure 4.9 shows the proposed models for each type 
of fastener. The mechanical behaviour of the FRP/concrete interface is modelled as a 
relationship between the local bearing stress in the FRP, a , and the relative displacement, 
S , between the FRP strip and the concrete. The a-S relationships, as depicted in Figure 
4.9, are proposed as follows: 
a = ^f if S<Sb (4.1) 
Sb 
a = <TbAexp(--aA^ if Sb<S <Sf (4.2) 
° = T.—•xz , „•,« — ~ .„„ , ^o^ if S > Sr (forshot fastener) (4.3) 
0.l67coshB2P 0A96sinhB2P J - t \J J i \ ) 
a = af if S > Sf (for screwed fastener) (4.4) 
S S 
where A = — , B = —- (4.5) 
In these expressions, ab is the bearing capacity of the FRP strip, which is taken to be 
234 MPa as provided by the manufacturer, and Sb is the corresponding slip, determined 
experimentally to be 2.0 mm. 07 is the bearing strength of the FRP strips and Sf is the 
corresponding slip, as shown in Figure 4.9. 07 is equal to 335 MPa and to 385 MPa for the 
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Figure 4.9: Bearing-slip models for (a) shot and (b) screwed fastener 
shot and screwed fasteners, respectively, and S/ is equal to 9.0 mm. The bearing strength 
in the case of the screwed fastener is about 20% higher than that of the case of the shot 
fastener. This is mainly because of two reasons. First, for the screwed fastener, unlike the 
case of the shot fastener, there is no damage to either the concrete or the F R P strip during 
fastener installation. Second, the good confinement provided by using larger washers with 
the screws enhanced the FRP bearing capacity. A higher friction is induced in this case 
between the washer and the FRP strip and between the F R P strip and concrete surface 
which contributes to the increase in the maximum bearing strength. 
The factors a and /3 are equal to 0.868 and 0.333 for the shot fasteners and to 0.521 
and 0.50 for the screwed fasteners, respectively. These factors are determined so that a 
best fit is obtained between the models and the experimental curves. These proposed 
interface models, which will be referred to as bearing-slip models in the following, are 
valid for the case of normal weight concrete and the pultruded F R P strip (SAFSTRIP®) 
used in this investigation. Numerical implementations were conducted to validate these 
bearing-slip models for the MF FRP/concrete joints using multiple fasteners, as will be 
discussed in Chapter 5. 
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4.3 FRP-Strengthened RC Slabs 
The feasibility of strengthening RC slabs in flexure, with and without cut-outs, using the 
MF FRP technique was investigated on full-scale slab specimens. Special attention was 
paid to the number of fasteners and fastener spacing in order to gain a deeper under-
standing of the mechanisms involved in the strengthening effect. The main objective of 
these experiments was to achieve a desirable ductile failure mode as well as to obtain a 
significant increase in the ultimate capacity. The desired failure mode was the same as in 
typical reinforced concrete design; i.e., to have the tensile steel yield and then the concrete 
crush in the compression zone. In such cases, the load does not decrease dramatically due 
to a sudden catastrophic failure at any point. Another objective was to conduct tests with 
adhesively bonded FRP strips to compare their results with mechanically fastened FRP 
strips. In the following sections, the test results for both slabs with and without a cut-out 
are presented. 
4.3.1 FRP-Strengthened Slabs Without a Cut-Out (SW Series) 
Of the five SW series slabs, one served as a control (unstrengthened), three were strength-
ened with MF FRP strips and one was strengthened with bonded FRP strips. The ma-
terial properties were summarized in Table 3.5 and the strengthening configurations were 
depicted in Figure 3.8. Load versus deflection curves for the SW series can be seen in Fig-
ure 4.10. The deflection was measured at the centre point underneath the slab. Table 4.2 
summarizes the cracking, yielding, and ultimate load capacities along with the observed 
modes of failure. In addition, the ductility indices and the energy absorption values were 
calculated and presented to evaluate the ductility of each specimen. 
4.3.1.1 Load Capacities and Deformational Characteristics 
The control specimen, SW-Ctrl, was tested to obtain the capacity of the unstrengthened 
slab and also to obtain a basis for comparison with the strengthened specimens. The load 
versus displacement curve for the control specimen is shown in Figure 4.10. The SW-Ctrl 
slab yielded at 86.6 kN and failed at an ultimate load of 135.6 kN. A 56% increase in 
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Table 4.2: Test results for the SW series specimens 
Specimen 
SW-Ctrl 
SW-F-MS-100 
SW-F-MS-50 
SW-F-SS-50 
SW-B-MS 
Crack load 
(kN)* 
Per 
(+ve) 
54.5 
58.0 
48.3 
55.8 
65.0 
Per 
(-ve) 
100 
120 
116 
122 
162 
Yield 
load 
(kN) 
86.6 
92.0 
113.4 
109.1 
124.2 
Max. 
load 
(kN) 
135.6 
184.3 
226.3 
217.7 
173.6 
% increase 
in capacity 
n/a 
35.9 
66.9 
60.5 
28.0 
Ductility 
index 
22.4 
12.8 
6.1 
6.6 
3.0 
Energy 
absorption 
(kN.mm) 
11409 
10606 
13264 
12160 
2628 
Failure 
mode 
Flexure 
failure 
FRP 
Debonding 
* Pcr (+ve) and Pcr (-ve) are the flexural and top corner cracking loads, respectively. 
20 40 60 
Deflection (mm) 
80 100 
Figure 4.10: Load-deflection relationships for SW series specimens 
70 
4.3. PRP-STRENGTHENED RC SLABS 
the post-yield strength of the control slab is attributed to strain hardening of the steel 
reinforcement and progressive continuous movement of the neutral axis. The application 
of a central loading produced diagonal flexural cracks on the tension side of the slab. The 
first crack was observed at a load of 54.5 kN. The first cracks initiated at the centre of 
the slab and propagated diagonally towards the corners. The pattern of the tensile cracks 
eventually formed a pattern of yield lines, which resembled what is generally referred to 
as a yield fan pattern, as shown in Figure 4.11-a. With increasing load, the flexural cracks 
increased in width and started to travel up towards the top of the slab. At the point of 
yield, cracks were visible and began to open up. Beyond yield, the cracks were significantly 
larger. At the load level of 100 kN, top cracks occurred sequentially at the slab corners 
as a result of the corners' uplift restraints. This type of behaviour was expected because 
of the lack of top reinforcement. At the final load stage, P = 135 kN, second cracks were 
observed at the top parallel to the first top cracks, as shown in Figure 4.12. Finally, the 
specimen failed after a significant loss of stiffness was observed, due to yielding of the 
tension steel. The failure was identified by a levelling off of the load-deflection curve, 
after sufficient yield cracks had formed to cause flexural collapse. The ductility index of 
this specimen was equal to 22.4, which reflects a very ductile behaviour. 
For the bonded FRP-strengthened slab, SW-B-MS, three middle FRP strips in each 
direction were bonded to the slab. The behaviour of this specimen was very stiff compared 
to that of the control specimen. This was evidenced by a ductility factor of 3.0 for this 
specimen, which is 87% less than that of the control specimen. This specimen showed an 
increase of 28% in the load capacity over the control specimen. The failure was initiated 
by sudden debonding of the FRP strips off the concrete and a subsequent dramatic drop 
in the load capacity. The debonding initiated at the mid-span and then propagated 
rapidly towards the FRP plate end, as shown in Figure 4.13. It was obvious that the 
debonding occurred due to intermediate flexural cracks. The debonding occurred at the 
FRP-adhesive interface where the FRP was separated from the concrete without any 
attached adhesive. This might be related to the fact that this type of FRP strip was 
not designed for being adhesively bonded to concrete because of its rather smooth glassy 
surface. After debonding, the specimen behaviour was very similar to that of the control 
specimen, as can be seen in Figure 4.10. A huge array of flexural cracks was observed for 
this specimen, but the cracks were not as wide as those of the control specimen, as seen 
in Figure 4.11-b. 
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Figure 4.11: Crack pattern for SW series specimens after failure 
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Figure 4.12: Top corner cracks of Specimen SW-Ctrl 
Figure 4.13: FRP debonding of Specimen SW-B-MS 
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Figure 4.14: FRP bearing and fastener bending of Specimen SW-F-MS-100 
For the Specimen SW-F-MS-100, three middle FRP strips in each direction were used 
for the strengthening. The number of fasteners used to fasten the FRP strips to the 
concrete was 105. The fasteners were arranged in one row per strip with a spacing between 
fasteners of 100 mm. The objective was to observe the increase in ultimate capacity, the 
deformability, and the failure modes of the strengthened slab. The cracking behaviour 
was very similar to that of the control specimen. Figure 4.10 shows the load versus 
displacement behaviour of SW-F-MS-100. The yield and ultimate load of Specimen SW-
F-MS-100 were 92.0 kN and 184.3 kN, respectively. The strengthened slab showed an 
increase of 6% in the yield strength and 35.9% in the ultimate capacity over the control 
slab. In addition to the improved capacity, SW-F-MS-100 showed a significant ductile 
behaviour. The ductility index of this specimen was almost four times of that of the 
bonded specimen. This remarkable improvement in the specimen ductility is a distinct 
advantage of the mechanically fastened technique over the bonded technique. The failed 
slab, after the test, was held vertically to observe the bearing behaviour of the FRP strips. 
It was obvious that fastener bending and washer damage occurred at different locations, 
as seen in Figure 4.14. Besides, the FRP strips showed a sustained bearing failure at the 
ends of the strips near the locations of the supports. 
Specimen SW-F-MS-50 was manufactured and tested to investigate the effect of fas-
tener spacing on the overall performance of the strengthened slab. For this specimen, the 
spacing between fasteners was reduced to one half that of the previous Specimen SW-F-
MS-100. A total of 240 fasteners were used to fasten the FRP strip to the concrete. The 
same strengthening scheme was used as that of Specimen SW-F-MS-100. Remarkably, 
compared to Specimen SW-F-MS-100, the increase of load capacity was almost double 
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Figure 4.15: Specimen SW-F-MS-50 after second failure's occurrence 
that of the control specimen, as can be seen in Figure 4.10. The crack pattern for this 
specimen was similar to that of Specimen SW-F-MS-100. Flexural cracks became visible 
in the slab centre after the cracking load was reached. As the slab approached yielding, 
the flexural cracks began to increase and widen in a manner similar to that of the control 
specimen. Figure 4.11-d shows the final crack pattern for Specimen SW-F-MS-50. The 
yield strength increase was 30.9% while the ultimate strength increase was 66.9% over 
those of the control specimen. An overall increase in stiffness and strength was seen. The 
ultimate strength of the slab was a load level of 226.3 kN, after which the specimen expe-
rienced a descending part until a local punching occurred under the loading plate. This 
type of failure was due to the propagation of the flexural cracks towards the top. Subse-
quently, the compression zone was greatly reduced to resist the huge load applied. Since 
this punching failure occurred after excessive deflections and extensive yielding of the ten-
sion steel, it was believed to be a secondary phenomenon, and not the primary cause of 
failure. Despite this type of catastrophic failure at the end of the test, the FRP strips and 
the fasteners were still well-fastened to the concrete, as can be seen in Figure 4.15. 
Another strengthening scheme was used for Specimen SW-F-SS-50 to study the effect 
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Figure 4.16: Specimen SW-F-SS-50 after failure 
of this configuration on the load capacity and crack pattern. Three FRP strips were 
separately fastened to the concrete with a centre-to-centre spacing of 500 mm. The same 
amount of FRP, number of fasteners, and fastener spacing were used as for the case of 
SW-F-MS-50. The general behaviour and the ultimate failure mode of specimens SW-F-
MS-50 and SW-F-SS-50 were very similar; however, SW-F-SS-50 exhibited a slightly less 
stiffness and ultimate load capacity, as shown in Figure 4.10. This may be attributed to the 
strengthening scheme where the FRPs, unlike the case of SW-F-MS-50, were distributed 
away from the maximum moment and crack concentration region. In addition, there was 
no considerable difference in the crack distribution between SW-F-MS-50 and SW-F-SS-
50, as shown in Figure 4.11-e. The ultimate strength increased by 60.5% over that of 
SW-Ctrl. The ductility index of this specimen was 6.6, which is almost twice the value of 
that of the bonded Specimen, SW-B-MS. Also, the FRP strip remained attached to the 
concrete throughout the load history of the specimen, as shown in Figure 4.16. 
In general, the MF FRP-strengthened slabs showed a desirable ductile behaviour, 
experiencing very large deformations. For all the MF FRP-strengthened specimens, no 
significant enhancement in the stiffness was observed in the elastic region prior to yielding; 
76 
4.3. FRP-STRENGTHENED RC SLABS 
however, the post yielding stiffness was improved significantly, as shown in Figure 4.10. 
Typically, the failure of these specimens was flexural failure due to the high deflections 
and the huge array of flexural cracks. In Addition, for all the MF FRP-strengthened 
specimens, no FRP debonding occurred and both the FRP strips and the fasteners were 
still perfectly attached to the concrete throughout the entire test. 
4.3.1.2 Cracking Behaviour 
Typically, due to high radial bending moments, the first flexural cracks to form were 
concentric tensile cracks below the loading perimeter. Cracks later formed, at higher 
loads, which radiated out from the loading perimeter in all directions. The pattern of 
the tensile cracks eventually formed a pattern of yield lines (collapse mechanism), which 
resembled what is generally referred to as a yield fan pattern, as shown in Figure 4.11. For 
the strengthened specimens, the width and spacing of the cracks were similar regardless of 
the layout and amount of FRP reinforcement and whether or not the FRPs were bonded 
or fastened. The addition of FRP reinforcement reduced the width of the tensile cracking, 
but did not appear to significantly change the overall yield line pattern. At the top 
side of the slabs, top negative cracks at the slabs' corners were formed at a skew angle 
of approximately 45° to the internal reinforcement, as seen in Figure 4.12. These top 
cracks generally formed after yielding of the tension steel, as illustrated in Table 4.2. 
The formation of these cracks had no effect on the entire behaviour or the ultimate load 
capacities of the slabs. 
4.3.1.3 Concrete, Steel, and FRP Strains 
Strain gauges were bonded at various locations but were generally concentrated in one 
quadrant of each slab, as described earlier in Section 3.4.3. For comparison purposes the 
strain gauge locations on the steel, concrete, and FRP remained the same for all slabs. 
Figure 4.17 illustrates the average strains in the concrete (compression) and the steel 
reinforcement (tension) measured at the centre of the slabs. 
It can be seen that the compressive strains in the concrete were relatively low at failure. 
The measured concrete strains were not significantly reduced by the addition of the MF 
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Figure 4.17: Load-strain relationships for concrete and steel for SW series specimens 
FRP reinforcement; in fact the concrete strains in the bonded specimen were the lowest 
in the SW series. For the MF FRP-strengthened specimens, it is interesting to note that 
the compressive strains increased steadily up until yielding of the tension steel, and then 
the slope of load-strain curve started to decrease. However, in the case of the bonded 
FRP specimen, the compressive strains increased progressively up to FRP debonding, as 
shown in Figure 4.17. This is an indication of the significant ductility provided by the 
MF technique. 
Tensile strains in the steel reinforcement increased slowly up until yielding. Yielding 
occurred for the control slab at a load of 86.6 kN, after which the steel strains, at the 
gauged locations, increased rapidly under increasing load. Yielding occurred at almost 
the same load level for specimens SW-F-MS-50 and SW-F-SS-50, which was about 27% 
higher than that of SW-Ctrl. For Specimen SW-F-MS-100, an increase of only 6% was 
obtained in the yielding load due to using the half number of fasteners. Also, the addition 
of the FRP strips produced significantly reduced steel strains and delayed the yielding of 
the steel reinforcement particularly when the FRPs were bonded, as seen in Figure 4.17. 
Strains in the FRP strips were monitored at various locations, as outlined in Section 
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3.4.3. Generally, it was expected that the highest FRP strains would be observed at 
the slab centre; however, they were recorded at gauge F2 distanced 250 mm from the 
centreline of the slab, see Figure 3.14-a. This can be explained by the overlapping of the 
FRPs at the slab centre which led to reduced strains in the FRP. Table 4.3 summarizes the 
maximum FRP strains recorded immediately before failure. Figure 4.18 shows the FRP 
strain profiles along the FRP strips at different load levels for the SW series specimens. 
Table 4.3: Maximum strains in FRP at failure for SW Series specimens 
Slab Designation 
SW-B-MS 
SW-F-MS-100 
SW-F-MS-50 
SW-F-SS-50 
Failure Load 
(kN) 
173.6 
184.3 
226.3 
217.7 
Max FRP Strain 
(fie) 
2742 
1764 
3992 
4002 
Except for the case of Specimen SW-F-MS-100, the maximum strain in the FRP strip 
at failure was substantially higher when the strips were mechanically fastened. Due to 
using a small number of fasteners for SW-F-MS-100, the maximum strain in the FRP 
was significantly low (1764 fie ) compared to the other specimens. The maximum strains 
in the FRP for specimens SW-F-MS-50, SW-F-SS-50 were almost the same (4000 fie ), 
while for Specimen SW-B-MS the maximum strain was 2742 fie. When comparing the 
two specimens SW-F-MS-50 and SW-B-MS, for the same load level of 173.6 kN that was 
the failure load of SW-B-MS, the strain values for SW-F-MS-50 was about 2500 fie which 
is very close to that of SW-B-MS, while for Specimen SW-F-SS-50 the strain reached a 
higher value (3000 fie) due to using only one FRP strip in the middle. After that level, 
unlike the case of SW-B-MS, the specimens SW-F-MS-50 and SW-F-SS-50 could sustain 
more loads inducing more strains in the FRPs. 
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Figure 4.18: FRP strain profiles for SW series specimens 
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4.3.1.4 Ductility and Energy Absorption 
The ductility index is defined as the ratio of the total deformation at maximum load to 
that at yield. The yield limit for each specimen was considered as the point at which 
the strain in the steel reinforcement reached the yield strain value. The ductility index 
of the control specimen was equal to 22.4 which reflects its high ductile behaviour. The 
displacement ductility indices of the MF-strengthened specimens were much higher than 
that of the bonded specimen, as summarized in Table 4.2. This observation confirms the 
superior ductile response of the slabs strengthened with the MF technique. 
Energy absorption is one of the important deformational characteristics of concrete 
structures to determine the ductility of the structure. The energy absorption was deter-
mined as the area under the load-deflection curve. The integration of the area under the 
load-deflection was carried out numerically from the data of load versus deflection along 
the whole load history. Generally, unlike the case of the bonded specimen, an average 
increase of 5% in the energy absorption was observed for the slabs strengthened with the 
MF technique over that of the control specimen. The energy absorption for the MF FRP-
strengthened specimens was almost 4.5 times that of the bonded specimen. The values of 
the energy absorption for the tested specimens are given in Table 4.2. 
4.3.2 FRP-Strengthened Slabs with a Cut-Out (SO Sreies) 
Slabs from this series were similar in design and construction to the SW series except 
that they were manufactured with a central cut-out 800 x 800 mm. In total, four slabs in 
this series were tested. One slab was left unstrengthened to serve as a control, one slab 
was strengthened with bonded FRP strips and two were strengthened with mechanically 
fastened FRP strips. The same strengthening scheme and the same amount of FRP were 
used for all specimens. Full details concerning the construction and testing procedures 
for the SO series slabs were given in Chapter 3. Load versus deflection curves for the SO 
series specimens are plotted in Figure 4.19. The load was applied as a line load around the 
cut-out. The load measured in this series was calculated as the total applied load. The 
deflections were measured at the centre point between the two cut-out corners (location PI, 
as depicted in Figure 3.15-b). These results represent the largest possible displacements 
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Figure 4.19: Load-deflection relationships for SO series specimens 
of the slabs with a cut-out. Table 4.4 summarizes the cracking, yielding, and ultimate 
load capacity along with the observed mode of failure for the SO series specimens. In 
addition, the ductility indices and the energy absorption values are presented. 
4.3.2.1 Load Capacities and Deformational Characteristics 
Similar to the SW series, the control specimen, SO-Ctrl, was tested to determine the 
unstrengthened response of the slab with a cut-out. The control specimen experienced a 
significant loss of stiffness, caused by extensive yielding of the reinforcing steel prior to 
failure, can be seen in Figure 4.19. The application of a line load produced diagonal fiexural 
cracks on the tension side of the slab. A remarkable reduction of stiffness was observed 
after cracking. The first crack was observed at a load of 75.0 kN which was initiated in 
the vicinity of one corner of the cut-out; then, the crack propagated diagonally towards 
the nearest slab corner. Eventually, the tensile cracks formed a yield fan pattern, as 
shown in Figure 4.20-a. With increasing load, the fiexural cracks widened and deepened. 
The specimen yielded at 136.2 kN after which another remarkable loss of stiffness was 
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Table 4.4: Test results for the SO series specimens 
Specimen 
SO-Ctrl 
SO-F-1R-50 
SO-F-2R-50 
SO-B 
Crack load 
(kN)* 
Per 
(+ve) 
75.0 
86.9 
88.2 
90.6 
Per 
(-ve) 
135 
137 
146 
154 
Yield 
load 
(kN) 
136.2 
139.7 
150.4 
153.5 
Max. 
load 
(kN) 
182.9 
241.8 
244.7 
268.9 
% increase 
in capacity 
n/a 
32.2 
33.8 
47.0 
Ductility 
index 
5.5 
5.75 
3.44 
3.0 
Energy 
absorption 
(kN.mm) 
12181 
13813 
11037 
4716 
Failure 
mode 
Flexure 
failure 
FRP 
Debonding 
* Pcr (+ve) and Pcr (ve) are the flexural and top corner cracking loads, respectively. 
observed. Similar to the SW series, top corner cracks occurred sequentially at a load level 
of 135.0 kN as a result of the corners' uplift restraints. The slab failed primarily in flexure 
at an ultimate load of 182.9 kN indicating an increase of 34% in the post-yield strength. 
Failure was inferred by a levelling off of the load-deflection curve and was accompanied 
by large deflections and a huge array of flexural cracks. At the end, due to the increasing 
of the crack depths and the reduction of the compression zone depth, concrete crushing 
was observed between the slab corner and the cut-out corner, as seen in Figure 4.21. 
Compared to SW-Ctrl, although this specimen was weakened due to the cut-out, the 
cracking, yielding, and ultimate loads were much higher as a result of using a distributed 
line load. The ductility index of this specimen was equal to 5.5, which is much lower than 
that of SW-Ctrl and is due to the delayed yielding in the case of SO-Ctrl. 
Specimen SO-B was strengthened with the conventionally bonded FRP system. The 
strengthening scheme was typical for all the strengthened specimens where four FRP strips 
were attached to the concrete slab around the cut-out. The crack pattern of SO-B was 
very similar to that of the control specimen but with a small number of cracks, as can be 
seen in Figure 4.20-b. The existence of FRPs reduced the crack number and increased the 
values of both the cracking and yielding load, as illustrated in Table 4.4. An increase of 
47% in ultimate load capacity was observed over the control specimen. FRP debonding 
was the governing failure mode, followed by a catastrophic reduction in the load carrying 
capacity. The debonding initiated at the vicinity of the cut-out corners and propagated 
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Figure 4.20: Crack pattern for SO series specimens 
84 
4.3. FRP-STRENGTHENED RC SLABS 
Figure 4.21: Concrete crushing of Specimen SO-Ctrl 
Figure 4.22: FRP debonding initiation for Specimen SO-B 
rapidly towards the FRP plate end and the centre, as seen in Figure 4.22. Noticeably, 
debonding occurred due to intermediate flexural cracks. Similar to SW-B-MS, the FRPs 
were separated without any attached concrete which indicates that debonding occurred at 
the FRP-adhesive interface. After debonding, the specimen behaved in the same manner 
as the control specimen, as shown in Figure 4.19. A ductility index of 3.0 is an indication 
of the slab stiff response compared to that of the control specimen. 
The other two specimens, SO-F-1R-50 and SO-F-2R-50, were strengthened using the 
mechanically fastened technique. For Specimen SO-F-1R-50, one row of fasteners per 
strip was used to fix the FRP strips to the concrete. A total number of 156 fasteners were 
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Figure 4.23: Specimen SO-F-1R-50 after failure 
used with a standard spacing of 50 mm. The behaviour of Specimen SO-F-1R-50 was as 
ductile as the control specimen. This was evidenced by a ductility index of 5.75, which is 
very close to that of SO-Ctrl. The load-deflection relationship of SO-F-1R-50 is shown in 
Figure 4.19. The crack initiation and propagation were very similar to those of SO-Ctrl, as 
shown in Figure 4.20-c. The first cracks initiated, sequentially, in the vicinity of the cut-
out corners at a load level of 86.9 kN and propagated towards the slab corners. Typically, 
a significant loss in the overall stiffness was seen after cracking. Yielding occurred at a 
load of 139.7 kN, after which a remarkable improvement in the post-yield stiffness was 
observed over that of the control specimen. An increase of 32.2% in the ultimate capacity 
was gained over the SO-Ctrl. After failure, the FRPs and fasteners were still entirely 
attached to concrete surface, as shown in Figure 4.23. No obvious bearing failure was 
seen in the F R P strips but fastener bending was obvious particularly at the end of the 
FRP strips, as seen in Figure 4.24. 
The last specimen (SO-F-2R-50) was strengthened with the MF technique using two 
rows of fasteners per strip. A total of 296 fasteners were used with a standard spacing of 
50 mm in both directions. The objective was to study the feasibility of using double rows 
of fasteners to strengthen the slab. Contrary to what was expected, the overall response 
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Figure 4.24: Bending of fasteners at the FRP strip end for Specimen SO-F-1R-50 
was slightly less than that of Specimen SO-F-1R-50, as seen in Figure 4.19. This may 
be attributed, in the author's view to two main reasons. First, the numerous amount 
of the predrilled holes led to a decreased stiffness and helped the cracks to initiate and 
propagate faster. Second, at the final load stage, fastener pullout failure was observed at 
the ends of FRP strips, as seen in Figure 4.25, which impeded the specimen from reaching 
its optimum capacity. Despite the fact that the general behaviour is lower than expected, 
the strengthening with the FRP strips resulted in increases of 10% and 33.8% in both the 
yield and ultimate load, respectively, over those of SO-Ctrl. The ultimate strength of the 
slab was a load level of 244.7 kN, after which the specimen experienced a descending part 
due to fastener pullout failure. Finally, concrete crushing occurred in the same manner 
as for Specimen SO-Ctrl. 
4.3.2.2 Cracking Behaviour 
Typically, the first flexural cracks initiated in the vicinity of the cut-out corners below the 
loading perimeter followed by radial cracking at higher loads from the loading perimeter 
in all directions. The pattern of the tensile cracks eventually formed a yield fan pattern, 
as shown in Figure 4.20. The width and spacing of the cracks were almost typical for all 
the strengthened slabs. The existence of FRP reinforcement did not significantly affect 
the overall crack pattern. Cracking at the top side generally followed the same patterns as 
with the SW series in that the first crack formed at a skew angle of approximately 45° to 
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Figure 4.25: Fastener pullout failure at the FRP strip end for SO-F-2R-50 
the internal reinforcement. The values of both the flexural and top corner cracking loads 
are summarized in Table 4.4. 
4.3.2.3 Concrete, Steel, and FRP Strains 
Strain readings were obtained at various locations, as described in Section 3.4.3. The 
strain gauge locations were typical for all slabs for comparison purposes. Figure 4.26 
illustrates the average strains in the concrete (compression) and the steel reinforcement 
(tension) measured in the vicinity of the cut-out corner. 
The measured concrete strains were significantly reduced by the addition of the FRP 
reinforcement, particularly in the case of the bonded specimen, SO-B, where the concrete 
strain at failure was 1668 fis. Generally, the compressive strains increased steadily up 
to the concrete cracking, and then the slope of the load-strain curve started to decrease. 
Obviously, the yielding of the steel reinforcement did not affect the slope of the load-strain 
curve and after cracking the compressive strains increased progressively up until failure, 
as shown in Figure 4.26. 
Similarly, for the SO series the tensile strains in the steel reinforcement increased 
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Figure 4.26: Load-strain relationships for concrete and steel of SO series 
steadily up until yielding. In general, the average yielding load for the SO series was 
almost 145 kN, after which the steel strains increased rapidly under increasing load. The 
addition of FRP reinforcement produced a significant reduction in the steel strains, as 
shown in Figure 4.26. The specimens strengthened with MF FRPs experienced a steel 
strain of about 7000 \ie at failure, which is 25% lower than that for the case of the control 
specimen. For the bonded FRP specimen, the ultimate strain was about 46% lower than 
that of SO-Ctrl. 
The locations of the FRP strain gauges were depicted in Figure 3.14-b. Table 4.5 
summarizes the maximum FRP strains recorded immediately before failure. Figure 4.27 
shows the FRP strain profiles along the FRP strips at different load levels for the SO 
series specimens. 
The maximum strain in the FRP strip at failure was substantially higher when the 
FRP strips were adhesively bonded. The maximum strains in the FRP for Specimen SO-
B was 3639 lie , which is 14% and 27% higher than those of specimens SO-F-1R-50 and 
SO-F-2R-50, respectively. However, for the same load level of 242 kN, the strain values 
for SO-F-1R-50 was about 3136 jie which is very close to that of SW-B while for Specimen 
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Figure 4.27: FRP strain profiles for SO series specimens 
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Table 4.5: Maximum strains in FRP at failure for SO Series specimens 
Slab Designation 
SW-B 
SW-F-1R 
SW-F-2R 
Failure Load 
(kN) 
268.9 
241.8 
244.7 
Max FRP Strain 
3639 
3136 
2666 
SO-F-2R-50, the strain reached a lower value (2666 fie ). In addition, unexpectedly, the 
maximum FRP strain for SO-F-2R-50 was about 17% lower than that of SO-F-1R-50 
which explained the relatively low stiffness of this particular specimen. This perhaps 
occurred due to the fastener pullout failure described above. 
4.3.2.4 Ductility and Energy Absorption 
As explained earlier, the ductility index is defined as the ratio of the total deformation 
at maximum load to the yield limit deformation. Generally, the ductility indices for the 
SO series were much smaller than those of the SW series. This can be related to the 
higher yield loads in the case of the SO series specimens and their corresponding high 
deflections. The ductility index of Specimen SO-F-1R-50 was almost equal to that of 
the control specimen due to its high ductile behaviour. The specimen SO-F-2R-50 also 
exhibited a desirable ductile response when compared to the bonded specimen; however, 
it has a small ductility index value that was 0.6 times that of the control specimen. This 
can be related to the low deformation value at the maximum load, as can be seen in Figure 
4.19. Additionally, the displacement ductility of the bonded specimen was 0.5 times that 
of the control specimen as a result of its stiff behaviour, as illustrated in Table 4.4. 
The energy absorption is the area under the load-deflection curve. Unlike the bonded 
specimen, the slabs strengthened with the MF technique showed great energy absorption. 
Compared to the energy absorption of the unstrengthened slab, there is no significant 
reduction in energy absorption for slabs strengthened with the MF technique. On the 
other hand, a 60% decrease in the value of energy absorption for the bonded specimen was 
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observed. The values of the energy absorption for the tested specimens are summarized 
in Table 4.4. 
4.4 Conclusion 
An experimental investigation was first carried out on FRP/concrete joints with the ob-
jective of understanding the transfer mechanisms when mechanically fastened (MF) FRP 
composites are used to strengthen concrete structures. Both shot and screwed fasteners 
were considered. For the shot fasteners, it was seen that initial cracks were induced during 
the fastening process. These cracks weakened the surrounding concrete, resulting in the 
eventual pullout of the fasteners off the concrete. Using the screwed fasteners was found 
to be more efficient due to the superior fastener installation, which did not damage either 
the concrete or the FRP strip. It was also found that the governing mode of failure in 
the case of the shot fasteners was bearing failure associated with fastener pullout. In the 
case of the screwed fasteners, the failure was bearing in the FRP strip, and this mode of 
failure could be converted from FRP bearing to FRP rupture by increasing the number 
of fasteners. Additionally, appropriate bearing-slip models were proposed in this study 
for both the shot and the screwed fastener. These new models describe the behaviour 
of the MF FRP/concrete interface as a relationship between the relative interfacial slip 
and the bearing stress in the FRP strip. These bearing-slip models can be employed in 
finite element analyses to simulate the interfacial behaviour of MF FRP-strengthened RC 
structures. 
In a second experimental investigation, laboratory tests were conducted to examine the 
feasibility of using the MF FRP strengthening system for enhancing the behaviour of two-
way concrete slabs. The ability of the FRP strip to contribute an additional tensile force 
to the reinforced concrete section was seen to be a function of the mechanical behaviour of 
the attached FRP strip. The tensile force in the FRP strip is developed by load transfer 
through the fasteners (like shear studs in a composite beam). All slabs strengthened 
with the MF system exhibited significant strength increases along with a ductile failure 
mode, in addition to an increased stiffness in the inelastic range. Unlike the conventionally 
bonded slabs, high ductility indices and energy absorption values were observed for the 
MF FRP-strengthened slabs due to the ductile behaviour provided by the MF technique. 
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From the strain readings in the strengthened slabs, it was seen that as the applied load 
increased, a bearing failure occurred in the FRP strip usually after the yielding of the steel 
reinforcement. The bearing of the FRP strip initiated at the location of the highest strain. 
Once bearing was initiated, the fastener load corresponding to the bearing capacity of the 
FRP strip was achieved at that location; afterwards no additional load could be transferred 
by the fastener. In other words, the load remained constant as progressive bearing failure 
occurred at the location of the fastener. Additional load was then transferred to the next 
fastener, which then undergoes a bearing failure, and so on until all the fasteners reached 
their bearing load. This led to a pseudo-ductile failure mode in the MF FRP-strengthened 
specimens. All the slabs showed a sustained bearing failure of the FRP strip after steel 
yielding leading to a ductile failure mode. Finally, it was seen that the screwed fasteners 
used for fastening the FRP strips onto concrete optimized the use of the FRP since no 
FRP delamination occurred. 
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Chapter 5 
Numerical Analysis 
5.1 Introduction 
For complex structural analysis and design, the finite element method clearly offers the 
best approach for obtaining accurate numerical simulations. The physical problem typi-
cally involves an actual structure or structual component subjected to certain loads and 
boundary conditions. The idealization of the physical problem to a mathematical model 
requires certain assumptions that together lead to general equations that model the struc-
tural behaviour. Since the finite element solution technique is a numerical procedure, it is 
necessary to assess the solution accuracy. If the accuracy criteria are not met, the finite 
element solution has to be repeated with refined solution parameters (such as using dif-
ferent mesh sizes or different element types) until a sufficient accuracy is reached [Bathe, 
1996]. Figure 5.1 summarizes the overall process of a typical finite element analysis. 
The finite element method is thus a powerful numerical tool for studying the behaviour 
of reinforced concrete structures. Issues such as cracking, tension stiffening, and non-
linear multi-axial material properties, which were previously ignored or treated in a very 
approximate way, can be modelled using this approach. Verification of stresses at failure 
of concrete structures can be achieved only through non-linear analyses adopting accurate 
computational models. Such analytical models should also be capable of capturing the 
progression of structural failure at different limit states. These include initial cracking, 
local failure, concrete crushing, and structural collapse. 
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Figure 5.1: The process of finite element analysis 
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The analytical part of this dissertation consists of two main categories. The first 
category is a 2D plane stress finite element analysis to address the interfacial behaviour 
between the FRP strips and the concrete substrate for the MF FRP/concrete direct shear 
specimens, as well as for MF FRP-strengthened beams. In the second category, 3D finite 
element models are introduced to simulate the structural behaviour of RC slabs strength-
ened with either the mechanically fastened or conventionally bonded systems. In all cases, 
the interfacial behaviour between the FRPs and the concrete substrate is accounted for 
using appropriate interfacial models as will be explained in Section 5.3. The numeri-
cal analyses are carried out using the finite element software package ADINA [ADINA, 
2004a]. In these analyses, the software formulations for the concrete, steel reinforcement 
and FRP are employed. These are described in detail in the ADINA theory and mod-
elling guide [ADINA, 2004b], and are summarized in the following section. Results are 
presented in terms of load-deflection relationships, ultimate load capacities, failure modes, 
and interfacial slip and stress distributions. 
For the 2D analyses the specific cases considered are the various direct shear spec-
imens with MF FRPs investigated experimentally in the previous chapter, as well as 
MF FRP-strengthened beams tested by Lamanna et al. [2001], Lamanna et al. [2004a], 
Bank et al. [2003], and Lamanna et al. [2004b]. The 3D analyses are applied to the MF 
FRP-strengthened slabs investigated in the previous chapter, and to cases reported in 
the literature where slabs strengthened with externally bonded FRPs have been tested 
to failure [Harajli and Soudki, 2003; Mosallam and Mosalam, 2003; Ebead and Marzouk, 
2004; Longworth et al., 2004]. 
5.2 Material Models for Concrete, Steel and FRP 
A hypoelastic model is used to describe the nonlinear stress-strain relationship for the 
concrete [ADINA, 2004b]. A compressive uniaxial nonlinear relationship is used until 
the maximum concrete characteristic strength, f'c, is reached beyond which the behaviour 
softens until concrete crushing occurs, as depicted in Figure 5.2. The ultimate uniaxial 
compressive stress, au, is taken as 0.85f'c and the ultimate uniaxial compressive strain, 
eu, is taken as 0.0035. In cases where the values of the concrete tensile strength, ft) 
and the modulus of elasticity, Ec, are not reported, they are evaluated according to the 
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Strain 
a. Uniaxial stress-strain relationship b. Biaxial concrete failure envelope 
Figure 5.2: Constitutive law of concrete 
CSA-A23.3-04 [2004] equations as follows: 
ft = 0.6y/Tc (MPa) 
Ec = 4500y/& (MPa) 
Poisson's ratio, v, is taken as 0.18 for the concrete. 
(5.1) 
(5.2) 
The constitutive law used to model the concrete has the following features: (i) a non-
linear stress-strain relation to allow for the weakening of the material under increasing 
compressive stresses, (ii) failure envelopes that define both failure in tension and crushing 
in compression, and (hi) a strategy to model the post-cracking and post-crushing be-
haviours of the material. The general multiaxial stress-strain relations are derived from 
the nonlinear uniaxial stress-strain relation depicted in Figure 5.2-a. Figure 5.2-b depicts 
the biaxial concrete failure envelope. Failure envelopes are used to establish the uniaxial 
stress-strain law accounting for multiaxial stress conditions and to identify whether tensile 
or crushing failures of the concrete have occurred. 
The behaviour of the cracked concrete considers a system of orthogonal cracks. Once a 
crack occurs in any direction, i, the material is considered orthotropic with the directions 
of orthotropy being defined by the principal stress directions. Cracking of the concrete 
occurs when the principal tensile stress lies outside the concrete crack envelope. The 
elastic modulus of the concrete is reduced to zero in the direction parallel to the principal 
tensile stress direction after which a redistribution of stresses takes place. Once cracking 
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occurs, the shear reduction factor decreases linearly from 1.0 for the uncracked section to 
0.5 for cracked sections at a strain level of eight times the cracking strain after which it 
remains constant. 
For the beam and slab applications, the steel reinforcement is modelled as a bilinear 
elastic-plastic material, with the tangent modulus in the strain-hardening regime taken to 
be one-hundredth of the elastic modulus. A full bond is assumed between the concrete and 
the steel reinforcement. The FRPs are simulated as linear elastic materials until failure. 
The properties of the laminates are used as given in the specific reference or according to 
the manufacturer's specifications. 
5.3 FRP/Concrete Interface 
In this study special emphasis was taken to account for the FRP/concrete interface. Two 
different interfacial models were employed in this work; one each for the mechanically 
fastened and the conventionally bonded systems, respectively, as described below. 
5.3.1 Bearing-Slip Model for MF FRP System 
Based on the experimental load-slip responses obtained for specimens SC01 and SH01, 
summarized in Section 4.2.1.1, analytical models were established to describe the MF 
FRP/concrete interface for both the shot and the screwed fastener. Figure 5.3 shows the 
proposed models for each type of fastener. The mechanical behaviour of the FRP/concrete 
interface is modelled as a relationship between the local bearing stress in the FRP, a, 
and the relative displacement, S, between the FRP strip and the concrete. The a-S 
relationships, for the responses shown in Figure 5.3, are as follows (see Section 4.2.3): 
o- = ^ if S<Sb (5.3) 
Ob 
a = (TbAex^-aA^ if Sb<S <Sf (5.4) 
- • — - - - if S > Sf (for shot fastener) (5.5) 
0.167coshB2P 0A96sinhB2P 
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i 
pre-tiearing bearing bearing failure 
Screwed fastener 
Figure 5.3: Bearing-slip models for the shot and the screwed fastener 
a = Of if S > Sf (for screwed fastener) (5.6) 
S S 
where A = — , B = — (5.7) 
bb bf 
In these expressions, a^ is the bearing yield stress of the F R P strip, which is taken to 
be 234 MPa as provided by the manufacturer, and Sb is the corresponding slip, determined 
experimentally to be 2.0 mm. 07 is the bearing strength of the FRP strips and S/ is the 
corresponding slip, as shown in Figure 4.9. (Jfx and <7/2 are equal to 335 MPa and to 385 
MPa for the shot and screwed fasteners, respectively, and 5 / is equal to 9.0 mm. The 
factors a and (3 are equal to 0.868 and 0.333 for the shot fasteners and to 0.521 and 0.50 
for the screwed fasteners, respectively. Further explanations of these models have been 
given in Section 4.2.3. 
5.3.2 Bond-Slip Model for Bonded FRP System 
For the bonded FRP-strengthened slabs, the mechanical behaviour of the FRP/concrete 
interface is modelled as a relationship between the local shear stress, r , and the relative 
displacement, 5 , between the F R P laminate and the concrete. The area under the T-S 
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Bond 
Stress' 
Complete 
Continuum Debonding initiation debonding 
Sonnncar 
Figure 5.4: Bond-slip models [Lu et al., 2004] 
curve represents the interfacial fracture energy, Gf, which corresponds to the energy per 
unit bond area required for complete debonding. Two bond-slip relations are employed 
in the present study; namely, the nonlinear and the bilinear expressions proposed by Lu 
et al. [2004], and depicted in Figure 5.4. 
For the nonlinear model, the T-S relationship is given by: 
r = TV, + *->o — &e \ •*('-'o — b, 2(S0 ~ Se) 
if S<S0 (5.8) 
• exp Gf - Gaf 
1 - if S>S0 (5.9) 
The maximum bond strength, rmax, and the corresponding slip, S0, are governed by the 
tensile strength of the concrete, ft, and a width ratio parameter, j3w, as follows: 
b0 — be -r bp — 
Tmax 
K0 
+ 0.0195/^/t 
(5.10) 
(5.11) 
In Equation (5.10), Se and Sp represent the elastic and plastic parts of S0, respectively. 
The parameter /3W is defined in terms of the total laminate width, bf, and the total width 
100 
5.3. FRP/CONCRETE INTERFACE 
of the slab, bc, as follows: 
_ 2.25 - bf/bc 
•
3w
-y i.25+bf/bc ( 5-1 2 ) 
In Equation (5.9), Gf is the total fracture energy while Gj is the fracture energy of the 
ascending branch of the curve; they are computed using the following two equations: 
Gf = 0.308/?* y/Ttf(Ka) (5.13) 
3/2 
^J f ~ Tmax^o 3 V A J 3 (5.14) 
where A = —^——- (5.15) 
S, o 
and B
 = 2-(s^s:) (516) 
In Equation (5.13), f(Ka) is a function of the stiffness of the adhesive layer, taken to 
be equal to 1.0 for the specimens analyzed in this investigation. In Equation (5.11) K0 
represents the equivalent initial stiffness in the bond-slip model; it depends on the elastic 
shear stiffness of the concrete, Kc, and that of the adhesive, Ka, and is given by: 
K
'-igk (5'17> 
where Kc = Gc/tc and Ka = Ga/ta (5.18) 
In Equation (5.18), ta is the thickness of the adhesive layer and tc is the effective thickness 
of the interfacial concrete layer. The thickness of this layer depends on the concrete 
fracture energy, and is assumed to be 5 mm [Lu et al., 2005]. Gc and Ga are the shear 
moduli for both the concrete and the adhesive, respectively, and are determined, in each 
case, from the relation: 
where E and v are the elastic modulus and Poisson's ratio, respectively. The values of v 
are taken to be 0.18 and 0.3 for the concrete and adhesive, respectively. 
For the bilinear model, we have: 
r = ^ if S<S0 (5.20) 
do 
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r = w ( % 5 ) if S0<S<Smax (5.21) 
S0 = 0.0195&,/t (5.22) 
In this model Smax represents the maximum interfacial slip (see Figure 5-4) and is evalu-
ated as follows: 
&max — (5.23) 
7~max 
The results obtained using these two bond-slip models will be compared to those based 
on the full-bond assumption. 
5.4 Geometrical Modelling 
As mention earlier, this investigation consists of a 2D plane stress finite element analysis 
for the MF FRP/concrete direct shear specimens and MF FRP-strengthened RC beams, 
as well as a 3D finite element model for FRP-strengthened two-way slabs. 
5.4.1 Geometrical Modelling of FRP/Concrete Joints and FRP-
Strengthened Beams 
Typical 2D finite element meshes used in this investigation for both the MF FRP/concrete 
joints and the MF FRP-strengthened beam applications are depicted in Figure 5.5. To 
represent the concrete, 4-node 2D solid elements with two degrees of freedom at each node 
and 4 integration points per element are used. The element size used in the analyses is 10 
x 10 mm for the concrete joints and 25 x 25 mm for the beams. In the case of the beams, 
only one half of the specimen is modelled due to the geometrical and loading symmetry. 
The steel reinforcement bars in the longitudinal and transverse directions are represented 
using 2-node truss elements, as shown in Figure 5.5-b. Each element has two translational 
degrees of freedom at each node. The FRP strip is modelled using 2-node truss elements 
with two translational degrees of freedom at each node. Truss elements are employed 
to represent the FRP/concrete interface. Each element has two nodes, each with two 
degrees of freedom. The internal deformation of these elements represents the interfacial 
slip and the axial force represents the shear force in the fastener. Full strain compatibility 
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is assumed between the FRP nodes and the concrete nodes in the normal direction by 
enforcing suitable constraint equations. The area of each interface element represents the 
contact bearing area between the fastener and FRP strip. This area is equal to the FRP 
plate thickness multiplied by the fastener diameter. Figure 5.5 shows the truss elements 
utilized in the finite element analysis. As seen in Figure 5.5, the constraint equations are 
enforced in the shear direction between the first interface node NI(i) and the concrete 
node NC(i) and between the second interface node NI(i + 1) and the FRP node NF(i). 
Let us denote the nodes on the FRP, the interface, and the concrete at the interface 
as NF(i), NI(i) and NC(i), respectively. If we constrain the displacements A in the 
horizontal direction at nodes NF(i) with those of NI(I + i), and at nodes NI(i) with 
those at nodes NC(i), the constraint conditions can then be represented as follows: 
AivF(i) = A J V / ( J + 1 ) (5.24) 
A;w(i) = Ajvc(i) (5.25) 
The displacement in an interface element that joins nodes NI(i) and NI(i + 1) is 
A = Ajv/^+i) - Ajv/( i) (5.26) 
Hence, the differential displacements between nodes NF(i) and NC(i) are equal to the 
slip values in the interface elements joining nodes NI(i+l) and NI(i). Subsequently, the 
interfacial shear stresses causing these differential slips are equivalent to the stresses in 
the truss element joining the nodes NI(i+l) and NI(i). Stress-strain relationships for the 
response of the interface elements in the horizontal directions are developed according to 
the proposed bearing-slip models described in Section 5.3.1. 
5.4.2 Geometrical Modelling of FRP-Strengthened Slabs 
A typical 3D finite element mesh used for the FRP-strengthened slabs is depicted in 
Figure 5.6. To represent the concrete, 27-node and 8-node 3D brick elements are used for 
the bonded FRP-strengthened slabs and the MF FRP-strengthened slabs, respectively, 
with three degrees of freedom at each node. The element size used in the analysis of 
the bonded FRP-strengthened slabs is 50 x 50 x 50 mm. A finer mesh is used in the 
case of the MF FRP-strengthened slabs with element size of 25 x 25 x 25 mm. The steel 
103 
CHAPTER 5. NUMERICAL ANALYSIS 
/ Concrete node (master)\ 
/ NC(i) 
Nl(i) 
2-node tAiss element 
i 
NI(i+l) j 
NF(i) 
* FRP node (slave) / 
Truss elements 
Constraint 
:nxtenifcra^ixri^^ ruc c p 
J-LH-LCtl 
rcn 
.L.L.L.I 
. LLLLLLLLLLL .LLLLLL .LLLLLLLLLL .L 
. L L L L L L L L U - L L L L l 
;LLLLL 
. L L L L L L . L L . L L 
L U - L L L L I 
L L L L l - L L L L L L L L L L L L t 
. L L L L L L L L L L L L L l 
.LLL.L.LLLL.L.L.LLL' 
. L L L L L L L L L L L L L 
L L L L L L L L l 
.._._. . L L L L L L L L . L L L L L 
L L L L L L L L L L L L L L L L L L L L L L L L L L L L L L L L L L L L L L 
. L L L . L L L L L L L L L L L . L L L L L L L L L L L . L L L L L L L L ' ' ' 
J iWUUWW 
. L L L L L L L L L L L L L L L I 
.LLLLL.LLI_L.LLLLLLLLLL.LLLL I 
LLLLL.LLLLLLLLLLLLLLLLLLLLL.LL . . 
'• '
 :
 . L L L L L L L L L L L L L L L L L L L L L L L L ' " ' ' ' ' 
Support Edges 
(a) Direct shear 
Figure 5.5: Finite element models for the 2D analysis 
Truss elements 
(b) Strengthened beam 
Constraints 
reinforcement is modelled using two-node truss elements with three translational degrees 
of freedom at each node. Either 8-node or 4-node thin shell elements with three degrees 
of freedom at each node are used for the F R P laminates. To represent the FRP/concrete 
interface, either nonlinear translational spring elements or truss elements are employed. 
In either case, each element has two nodes, each with three degrees of freedom. These 
elements are aligned in the direction of the unidirectional fibres, and in both directions 
for the case of bidirectional fibres. A force-displacement or a stress-strain relationship 
for the response of the springs or the trusses, respectively, in the horizontal directions 
was developed based on the interface models described in Section 5.3. Similar to the 2D 
analysis, constraint equations are applied in the vertical direction between the concrete 
and FRP elements. Due to the geometrical and loading symmetries, only one quarter of 
the slab is analyzed. 
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Applied load 
Truss element (steel) 
3-D solid element (concrete) 
Interface element 
Shell element (FRP) 
Detail A 
, \ FRP node/ 
Detail B 
Figure 5.6: Finite element models for the 3D analysis of strengthened slabs 
5.5 Numerical Results and Discussion 
In the subsequent sections, comparisons are made between the experimental and numerical 
results for MF FRP/concrete joints, MF FRP strengthened beams, and RC slabs strength-
ened either by the mechanically fastened or the conventionally bonded techniques. 
5.5.1 FRP/Concrete Joints 
In order to validate the proposed bearing-slip models for the MF system, see Section 
5.3.1, the numerical results are compared to the experimental data. The comparisons are 
presented in terms of the ultimate load capacities and the deformational characteristics. 
Figure 5.7 shows the comparisons between the numerical and experimental results in terms 
of the load-slip relationships for representative specimens, SH03, SC03, SH04, SC04, 
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SH05, SC05, SH06, and SC06. It can be seen that the predicted trends are in very 
good agreement with the experimental data. Table 5.1 summarizes the predicted and 
experimental results in terms of ultimate load capacities of the FRP/concrete joints, for 
both the shot and the screwed fasteners. The average numerical-to-experimental load 
capacity ratios and their standard deviations are 0.98 and 0.046, respectively. 
Table 5.1: Comparison between experimental and numerical ultimate load capacities of the 
FRP/concrete joint specimens 
ID 
SH01 
SC01 
SH03 
SC03 
SH04 
SC04 
SH05 
SC05 
SH06 
SC06 
SC02 
SC09 
SC12 
Configuration 
1 
—L 
p
—LZ 
p
— C 
p
—LZ 
p
—r 
• I 
1 
1 4 4 4 
| 
1 
4 4 4 4 
1 
! 
• • + • • 
1 
1 
+ > • + • + 
1 
1 
- r - ^ 
1 
• : • : • : 
i 
i 
• • • • • • 
+ • • • • + 
i 
Avg. Pcxp. 
(kN) 
3.85 
6.98 
13.13 
15.36 
16.81 
20.10 
20.38 
26.25 
27.53 
33.31 
13.49 
68.89 
86.23 
P„um. (kN) 
3.6 
7.13 
12.52 
14.98 
16.72 
19.25 
20.91 
24.96 
27.58 
29.97 
14.26 
71.72 
87.86 
P /P 
0 935 
1 021 
0.953 
0.975 
0.994 
0.957 
1.026 
0.951 
1.001 
0.899 
1.06 
1.041 
1.018 
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Figure 5.7: Comparisons between numerical and experimental load slip relationships for direct 
shear specimens 
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5.5.2 MF FRP-Strengthened Concrete Beams 
Numerical predictions are compared to reported experimental data for MF FRP flexurally 
strengthened RC beams. The experimental results of 18 specimens categorized in four 
series [Lamanna et al., 2001, 2004a; Bank et al., 2003; Lamanna et al., 2004b] are used to 
validate the results of the finite element analyses. Most of these results are reported in 
Elsayed et al. [2007b]. These beams have a variety of geometrical and material properties. 
These variations in the geometrical and the material properties enable us to validate the 
finite element models for different cases. All the beams were tested under four-point 
loading. For all cases, the FRP strip thickness was 3.2 mm and the FRP properties were 
similar, as summarized in Table 5.2, except for the case of specimens tested by Lamanna 
et al. [2001]. For this set of specimens, the bearing yield stress was not given. Hence, we 
interpolated a value for the bearing yield stress so that it would be proportional to the 
given value of the FRP tensile strength considering other sets of specimens where both the 
FRP bearing yield stress and tensile strength are given. For all cases, the fasteners also 
have the same properties and are uniformly distributed along the FRP plate. The material 
and the geometrical properties of the concrete, steel reinforcement, FRP composite and 
fasteners are listed in Table 5.2 and Table 5.3. 
Table 5.2: Material properties of MF FRP-strengthened RC beams 
Set 
Lamanna et al. [2001] 
Lamanna et al. [2004a] 
Bank et al. [2003] 
Lamanna et al. [2004b] 
Concrete 
MPa 
20.9 
42.5 
32.7 
41.0 
35.9 
Steel 
MPa 
440 
440 
440 
413.7 
J frpu 
MPa 
560.7 
828 
843.3 
743.3 
FRP 
GPa 
27.3 
57.2 
61.27 
56.54 
J bearing 
MPa 
157 
234 
234 
234 
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5.5.2.1 Maximum Moment Capacities and Failure Modes 
Table 5.4 summarizes the predicted maximum moment capacities and modes of failure 
for the various specimens. Comparisons between the numerical and experimental results 
are also given in this table, and these show a very good agreement between the numerical 
predictions and test results. The average accuracy (numerical-to-experimental ultimate 
moment ratios) and corresponding standard deviation are 1.015 and 0.043, respectively. 
Figure 5.8 shows the predicted and the experimental load-deflection curves for represen-
tative specimens, F-21-S-102-2R, H1.5-4-Y-AL47D, FRP-3 and A5-1, tested by Lamanna 
et al. [2001], Lamanna et al. [2004a], Bank et al. [2003] and Lamanna et al. [2004b], re-
spectively. The predicted mode of failure for all the specimens is concrete crushing in the 
compression zone; this is in agreement with the reported experimental observations. 
5.5.2.2 Slip Profiles Along the FRP/Concrete Interface 
In this section, the predicted slip distributions along the interface between the FRP strips 
and concrete surface are discussed. Figure 5.9 depicts representative predicted slip profiles 
along the FRP/concrete interface from the FRP plate end towards the centre of the beam 
for different moment levels. Figure 5.9-a shows the slip distribution for Specimens F-21-
S-102-2R tested by Lamanna et al. [2001]. Slip for this specimen occur under the point of 
load application; while for Specimen H1.5-4-Y-AL47D tested by Lamanna et al. [2004a], 
as shown in Figure 5.9-b, slip occurs at most of the fastener locations suggesting that 
more fasteners are needed for complete transfer of the load from the FRP to the concrete. 
Figure 5.9-c depicts the slip profiles for Specimen FRP-3 tested by Bank et al. [2003]. 
For all the moment levels, the slip profiles show the same trend. The maximum slip value 
is 11.5 mm which indicates that bearing stresses in the FRP exceeded its bearing strength. 
This high value of slip was obtained due to the fact that the FRP strip is fastened to the 
concrete using only one row of fasteners. It was also found that, using three FRP plates 
(Specimen FRP-3) instead of two (Specimen FRP-1) resulted in a reduction of 23% in the 
final interfacial slip values. 
The slip profiles for Specimen A5-1 tested by Lamanna et al. [2004b] are shown in 
Figure 5.9-d. Table 5.5 summarizes the slip values at different moment levels for the 
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Table 5.4: Experimental and numerical results for maximum moment capacities and modes of 
failure for MF FRP-strengthened beams 
Specimen 
Lamanna 
etal . 
[2001] 
Lamanna 
etal . 
[2004a] 
Bank et al. 
[2003] 
Lamanna 
etal . 
[2004b] 
C-21 
F-21-S-102-2R 
C-42 
F-42-S-102-1R 
Control 
H1.5-4-Y-
AL47D 
C-l 
FRP-1 
FRP-3 
AC3 
A3-1 
A3-2 
AC5 
A5-1 
A5-2 
AC8 
A8-1 
A8-2 
M (kN.m) 
exp. 
10.1 
12.8 
11.5 
14.0 
135.1 
165.3 
282.9 
375.8 
447.2 
689.8 
825.2 
788.8 
931.0 
1180.6 
1222.4 
1625.0 
1734.9 
1713.3 
num. 
10.4 
12.5 
12.3 
14.1 
130.4 
160.4 
259.7 
403.7 
458.8 
731.1 
843.1 
845.3 
1020.5 
1210.7 
1210.9 
1611.0 
1760.0 
1773.2 
Mexp. 
1.03 
0.97 
1.07 
1.01 
0.96 
0.97 
0.92 
1.07 
1.03 
1.06 
1.02 
1.03 
1.09 
1.03 
0.99 
0.99 
1.01 
1.03 
Mode of Failure 
experimental 
Concrete crushing 
Concrete crushing 
Concrete crushing 
FRP separation + 
concrete crushing 
Concrete crushing 
FRP separation + 
concrete crushing 
Concrete crushing 
FRP separation + 
concrete crushing 
numerical 
crushing 
Concrete 
crushing 
Concrete 
crushing 
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Figure 5.8: Comparisons between numerical and experimental load-deflection relationships for 
representative MF FRP-strengthened beams 
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specimens tested by Lamanna et al. [2004b]. Generally, the slip profiles have the same 
trend for these specimens. Higher slip values are obtained in the load application zone. It 
is obvious that the FRP length was long enough to avoid end plate bearing. Moreover, as 
can be seen from the results in Table 5-5, it is concluded that doubling the FRP layer (as 
the case of specimens A3-2, A5-2, and A8-2) led to a reduction in the interfacial slip of 
about 20% at failure. Also, increasing the internal reinforcement ratio from 0.92 to 1.54 
and 2.46 for specimens A5-1 and A8-1 resulted in a reduction in the final slip values up 
to 20 and 30%, respectively, as seen in Table 5-5. 
Table 5.5: Interfacial slip values along the interface for the beams tested by Lamanna et al. 
Beam ID 
Failure Moment (kN.m) 
? 
CL 
Sl
i] 
M= 240 kN.m 
M= 395 kN.m 
M= 630 kN.m 
M= 820 kN.m 
M= 1015 kN.m 
M= 1195 kN.m 
M= 1470 kN.m 
M= 1585 kN.m 
M= 1730 kN.m 
A3-1 
843.1 
1.02 
2.62 
5.78 
7.22 
— 
— 
— 
— 
— 
A3-2 
845.3 
0.82 
2.45 
5.22 
6.08 
— 
— 
— 
— 
— 
A5-1 
1210.7 
0.78 
1.33 
3.01 
4.13 
4.95 
6.15 
— 
— 
— 
A5-2 
1210.9 
0.54 
0.88 
1.65 
2.84 
4.13 
4.95 
— 
— 
— 
A8-1 
1760.0 
0.32 
0.51 
0.97 
1.59 
2.52 
3.10 
3.76 
4.47 
4.95 
A8-2 
1773.2 
0.07 
0.11 
0.25 
0.46 
1.57 
2.05 
2.86 
3.24 
4.06 
5.5.2.3 Shear Forces in Fastener Profiles Along the FRP/Concrete Interface 
In this section, the forces in the fasteners along the FRP/concrete interface are discussed. 
Knowing the distribution and the amount of transferred forces between the FRPs and the 
concrete is very valuable in order to understand the mechanism of shear transfer at the 
interface. Figure 5.10 depicts the predicted force distributions in the fasteners from the 
end of the FRP plate towards the beam centre for different moment levels. In general, 
by comparing Figure 5.9 and Figure 5.10, it can be noticed that, for the corresponding 
specimens, the profiles of fastener shear forces have almost the same trend of those of the 
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Figure 5.9: Numerical interfacial slip profiles for representative MF FRP-strengthened beams 
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slip profiles. It is worth mentioning that the fastener force at which complete bearing 
failure occurs is 3.65 kN. Once this value is reached, bearing failure should occur in the 
FRP plate. 
Figure 5.10-a shows the fastener force distributions for Specimen F-21-S-102-2R tested 
by Lamanna et al. [2001] At failure, similar to the slip profile, there was a sudden increase 
in the force value up to 1.85 kN at the loading point location indicating that relatively 
high stresses are transferred at this location at failure. A similar profile was obtained 
for Specimen F-42-S-102-1R, tested by Lamanna et al. [2001]; however, in this case the 
forces in the fasteners were doubled because only one row of fasteners was used. This 
indicates that bearing failure occurred in this case. For Specimen H1.5-4-Y-AL47D tested 
by Lamanna et al. [2004a], shown in Figure 5.10-b, the maximum force value in this 
case was 3.45 kN; this is smaller than the corresponding force value of maximum bearing 
stresses indicating that no bearing failure occurred. 
Figure 5.10-c depicts the distribution of forces in the fasteners for Specimen FRP-3 
tested by Bank et al. [2003]. At the early moment levels, the force profiles were very 
similar to those of the interfacial slip. At the final moment levels, the force distribution 
increased very rapidly from zero at the beam centre to the maximum value of 3.65 kN then 
continued with the same value until the FRP plate end. This indicates that the whole 
FRP/concrete interface suffered from high shear stresses; this suggests that the fasteners 
were perfectly distributed in this case because the forces in the fasteners were equal. 
Figure 5.10-d shows the forces distribution in the fasteners for the Specimen A5-1 
tested by Lamanna et al. [2004b]. This profile suggests that shorter FRP plate lengths 
might be used for this specimen because of the very small values of fasteners forces at the 
FRP plate end. 
Additional results of MF FRP-strengthened beams are reported in Appendix A. 
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Figure 5.10: Predicted profiles of fastener forces for representative MF FRP-strengthened 
beams 
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5.5.3 MF FRP-Strengthened Concrete Slabs 
In this section, numerical predictions are compared to the reported experimental data 
for MF FRP-strengthened RC slabs, with and without cut-outs, reported in the previous 
chapter. Recall that these slabs were strengthened with the MF system using the screwed 
fasteners. Comparisons are presented in terms of load-deflection relationships and modes 
of failure. In addition, the numerically determined interfacial slips and interfacial shear 
stress profiles in the fasteners along the FRPs are presented. The material and the geo-
metrical properties of the concrete, steel reinforcement, FRP composite and fasteners are 
those given in Chapter 3. 
5.5.3.1 Maximum Load Capacities and Failure Modes 
The results from the numerical analysis are compared with the data from the experiments 
in Table 5.6. In this table, the predicted maximum load capacities and maximum deflec-
tions are summarized for slabs without and with cut-outs, SW and SO series, respectively. 
The comparison shows a reasonably good agreement between the numerical predictions 
and test results. The average accuracy (numerical-to-experimental ultimate load ratios) 
and corresponding standard deviation are 1.043 and 0.1, respectively. 
The comparison shows that the global behaviour of the slabs from the numerical anal-
ysis can reproduce the experimental results. The main difference between the observed 
behaviour and the numerical analysis is found in the post-yield stage and at the begin-
ning of the nonlinear behaviour. This difference is believed to be a consequence of the 
boundary conditions and the inability of the model to properly account for the crack 
propagation. Figure 5.11 and Figure 5.12 show the predicted and the experimental load-
deflection curves for the SW and SO series specimens, respectively. These comparisons 
include the control specimens as well as the MF FRP-strengthened slabs. The predicted 
mode of failure for all the specimens was flexural failure; this is in agreement with the 
reported experimental observations. 
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Table 5.6: Experimental and numerical results for maximum load capacities and maximum 
deflections for MF FRP-strengthened slabs 
Specimen 
SW-Ctrl 
SW-F-MS-100 
SW-F-MS-50 
SW-F-SS-50 
SO-Ctrl 
S0-F-1R 
S0-F-2R 
Experimental 
"max 
(kN) 
135.6 
184.3 
226.3 
217.7 
182.9 
241.8 
244.7 
Defl.* 
(mm) 
91.1 
65.2 
54.6 
54.0 
58.8 
59.0 
44.5 
Numerical 
p 
r
 max 
(kN) 
152.4 
204.9 
209.2 
203.1 
210.1 
232.2 
275.9 
Defl.* 
(mm) 
71.4 
56.4 
52.3 
53.1 
70.9 
61.9 
53.4 
* nurry * exp 
1.12 
1.11 
0.92 
0.93 
1.14 
0.96 
1.12 
* Deflection was measured at the maximum load level. 
5.5.3.2 Slip Profiles Along the F R P / C o n c r e t e Interface 
In this section, the simulated slip distributions along the interface between the F R P strips 
and concrete surface are discussed. Figure 5.13 and Figure 5.14 depict the predicted slip 
profiles along the FRP/concrete interface from the FRP plate end towards the centre of 
the slab for different load levels for the SW and SO series specimens, respectively. 
In Figure 5.13, the slip profiles show that the maximum slips occur near the centre 
of the slab and decrease slightly, except for the case of SW-F-MS-100, towards the ends. 
This implies that slippage initiates near the centre of the slab and propagates to the end 
of the attached FRPs. This is indeed what was observed in the experiments. Recall that 
the slip value corresponding to the bearing initiation in the F R P is equal to 2 mm, as 
explained in Section 4.2.3. In all cases, the maximum slip values are higher than 2 mm 
which means that bearing initiation occurred in the FRPs for all the specimens. For 
Specimen SW-F-MS-100, the slip values reached 7.5 mm, which is almost three times 
that of Specimen SW-F-MS-50. This is due to the fact that almost half the number of 
fasteners was used for SW-F-MS-100. Specimens SW-F-MS-50 and SW-F-SS-50 show the 
same trend, as seen in Figure 5-13, due to using the same amount of F R P and number of 
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Figure 5.14: Numerical interfacial slip profiles for SO series specimens 
fasteners. However the maximum slip value in the case of SW-F-SS-50 is 30% higher than 
that of SW-F-MS-50. This is related to the fact that separated FRP strips were used for 
SW-F-SS-50, which in turn lead to higher interfacial slips in the central strip. Considering 
that the slip value at which complete bearing failure occurred in the FRP strip is equal to 
9 mm, no complete bearing failure is attained, which in agreement with the experimental 
observations. 
Figure 5.14 depicts the simulated slip profiles along the interface for the SO series 
specimens. Typically, the slip profiles show that the slip values started from zero at the 
FRP strip centre and increased slowly until the vicinity of the cut-out corner. Near the 
cut-out corner, the slip profiles increased rapidly to the maximum value and then stabilized 
at the same level towards the strip end, as shown in Figure 5.14. This type of behaviour 
suggests that no FRP bearing occurred in the strip centre and higher slippage took place at 
the region of major cracks; i.e., near the cut-out corner. This is indeed what was observed 
in the experiments. For both specimens SO-F-1R-50 and SO-F-2R-50, the maximum slip 
values exceeded the corresponding bearing initiation's slip value and, similar to the SW 
series specimens, no complete bearing failure occurred. Furthermore, the maximum slip 
value for Specimen SO-F-1R-50 is about 60% higher than that of Specimen SO-F-2R-50. 
This can be explained by the fact that two rows of fasteners were used for SO-F-2R-50, 
which in turn resulted in reduced slip values. 
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5.5.3.3 Shear Forces in Fastener Profiles Along the F R P / C o n c r e t e Interface 
In this section, the predicted shear force distributions in the fasteners along the FRP/concrete 
interface are discussed. Knowing the distribution and the amount of transferred forces 
between the FRPs and the concrete is very valuable in order to understand the mechanism 
of shear transfer at the interface. Figure 5.15 and Figure 5.16 depict the predicted shear 
force distributions in the fasteners from the end of the F R P plate towards the slab centre 
for different load levels for the SW and SO series specimens, respectively. 
In general, by comparing Figure 5.13 with Figure 5.15 and Figure 5.14 with Figure 
5.16, it can be noticed that, for the corresponding specimens, the profiles of fastener shear 
forces have almost the same trend as those of the slip profiles. It is worth mentioning that 
the fastener shear force at which complete bearing failure occurs is 6.85 kN. Once this 
value is reached, bearing failure should occur in the FRP plate. 
Figure 5.15 shows the predicted shear force profiles in the fasteners for specimens SW-
F-MS-100, SW-F-MS-50, and SW-F-SS-50 of the SW series that was strengthened with 
the MF technique. By comparing SW-F-MS-100 and SW-F-MS-50, it is obvious that as 
the number of fasteners increased a lower shear force per fastener is transferred between 
the F R P and the concrete substrate. Although the same number of fasteners was used for 
both SW-F-MS-50 and SW-F-SS-50, the fastener shear forces in the case of SW-F-SS-50 
is about 20% higher than those of SW-F-MS-50. This is obviously related to using only 
one FRP strip at the slab centre for SW-F-SS-50. 
Figure 5.16 shows the predicted profiles for specimens SO-F-1R-50 and SO-F-2R-50 of 
the SO series. Similar to the slip profiles shown in Figure 5.14, the maximum shear forces 
occur in the vicinity of the cut-out corner where high stresses are concentrated. Actually, 
these profiles suggest that a lower number of fasteners can be used at the strip centre. In 
addition, using double rows of fasteners for Specimen SO-F-2R-50 led to a reduction of 
28% of the transferred shear forces between the FRP and concrete. 
Numerical results of the two bonded FRP-strengthened slabs, that were tested exper-
imentally in this study, are reported in the next section. 
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Figure 5.15: Predicted profiles of fasteners forces for SW series specimens 
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Figure 5.16: Predicted profiles of fasteners forces for SO series specimens 
5.5.4 Bonded FRP-Strengthened Concrete Slabs 
Numerical simulations to date of FRP-strengthened slabs have usually been based on 
the assumption of full-bond between the concrete and FRP. In this study, the interfacial 
behaviour between the FRP laminates and the concrete substrate is accounted for by 
introducing appropriate bond-slip models for the interface in a nonlinear finite element 
analysis. Many of the results reported in this section have been reported by Elsayed et al. 
[2005, 2006, 2007a]. 
As mentioned earlier, due to the geometrical and loading symmetries, only one quarter 
of the slab is analyzed, as depicted in Figure 5.6. We first consider the cases corresponding 
to those investigated experimentally by Harajli and Soudki [2003], Mosallam and Mosalam 
[2003], Ebead and Marzouk [2004], and Longworth et al. [2004]. The various strength-
ening configurations considered are shown in Figure 5.17. For one of the slabs tested 
by Longworth et al. [2004], prestressing was applied to the FRP laminates. These pre-
stressing forces were simulated numerically by applying appropriate initial strains to the 
FRPs. To account for the end anchorages used in their experiments, full bond between 
the FRP and concrete was imposed in these regions. In addition, we analyze the bonded 
FRP-strengthened slabs tested in the experimental program and reported in the previous 
chapter. 
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Figure 5.17: F R P strengthening configurations of bonded FRP-st rengthened slabs 
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The material properties used in the numerical simulations of the four sets of exper-
iments are summarized in Table 5.7. Table 5.8 lists the details concerning dimensions, 
steel reinforcement ratios and types of loading. The specimen notations here correspond 
to those employed in the original references. Specimens SA1, CONT-U3, Ref-0.35%, 
Ref-0.5% and B2-SL1 are reference (i.e., unstrengthened) specimens, while the remaining 
specimens are strengthened with bonded FRPs. In the following, comparisons are made 
between the experimental and numerical results in terms of the ultimate load carrying 
capacities and load-deflection relationships. In addition, the numerically determined in-
terfacial slips, interfacial shears, and tensile stress profiles along the FRPs are presented. 
The tensile stress profiles along the FRP laminates determined from simulations based on 
the bond-slip model are compared to those obtained from the full-bond assumption. 
Table 5.7: Material properties of bonded FRP-strengthened slabs 
Set 
Harajli and Soudki 
(2003) 
Mosallam and 
Mosalam (2003) 
Ebead and 
Marzouk (2004) 
Longworth et al. 
(2004) 
FRP 
type 
CFRP 
CFRP 
CFRP 
GFRP 
CFRP 
Concrete 
MPa 
34.5 
31.9 
30.5 
49.7 
MPa 
3.52 
1.85 
3.31 
3.13 
Steel 
fy 
MPa 
487 
401.4 
450 
400 
FRP 
Jfrpu 
MPa 
3500 
1209 
2800 
600 
3750 
Efrp 
GPa 
230 
101 
170 
26.1 
231 
Adhesive 
MPa 
1.33 
1.10 
1.87 
1.29 
1.25 
ta 
mm 
1.0 
1.14 
1.0 
1.0 
1.0 
5.5.4.1 Load Capacit ies and Deformational Characterist ics 
Table 5.9 summarizes the predicted load capacities and modes of failure for the various 
specimens. Here "IC" refers to intermediate crack induced debonding, and "ED" denotes 
end plate debonding. Comparisons between the numerical and experimental results are 
also given in this table. It can be seen that , when the bond-slip laws are used, the finite 
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Table 5.8: Specimen configurations of bonded FRP-strengthened slabs 
Set 
Harajli and 
Soudki 
(2003) 
Mosallam 
and 
Mosalam 
(2003) 
Ebead and 
Marzouk 
(2004) 
Longworth 
etal. 
(2004) 
Specimen 
SA1* 
SA1F5 
SA1F10 
SA1F15 
CONT-U3* 
C-REP-U1 
CONT-R1* 
C-REP-R1 
C-RET-R1 
Ref-0.35%* 
GFRP-F-0.35 
CFRP-F-0.35 
Ref-0.5%* 
GFRP-F-0.5 
GFRP-F-0.5 
B2-SL1* 
B2-SL2 
B2-SL4 
Concrete 
dimensions 
(mm) 
670x670x55 
2640x2640x76.2 
1900x1900x150 
3000x3000x90 
Loading type 
Central 
loading 
Uniform 
loading 
Central 
loading 
4-side line 
loading 
800 mm sq 
Reinf. 
Ratio% 
0.75 
— 
0.38 
0.35 
0.50 
0.465 
FRP dimensions (mm) 
length width thick. 
— 
670 
50 
100 
150 
1.0 
— 
2640 420 1.74 
— 
2640 420 1.74 
— 
1900 300 
1.0 
1.2 
— 
1900 300 
1.0 
1.2 
— 
2400 150 1.0 
* Reference (unstrengthened) specimens 
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element models predict load capacities that are in good agreement with the experimental 
data. However, analyses based on the full-bond assumption over-predict the ultimate load 
capacities. For the results based on the nonlinear and bilinear bond-slip relations, the 
average numerical-to-experimental load capacity ratios and their standard deviations are 
0.969 and 0.073, and 0.964 and 0.060, respectively. Thus, the nonlinear and bilinear bond-
slip models lead to fairly similar predictions; this is due to the fact that, for the range 
of material parameters considered, they are both characterized by essentially the same 
interfacial fracture energy Gf. For the numerical results corresponding to the full-bond 
assumption, the average ratio of the numerical-to-experimental load capacities is 1.175, 
with a standard deviation of 0.072. This underlines the importance of properly accounting 
for interfacial slip in numerical analyses of FRP-strengthened slabs. 
Figure 5.18 shows the predicted and experimental load deflection curves for the spec-
imens tested by Mosallam and Mosalam [2003]. Figures 5.18-a and 5.18-b correspond to 
specimens without and with internal steel reinforcement, respectively. This figure shows 
the results of using both the nonlinear and the bilinear bond-slip model as well as the 
results of using the full-bond assumption at the FRP/concrete interface. It is clear that 
a very good predictions of the load-deflection behaviour are obtained when either the 
nonlinear or the bilinear bond-slip laws are used to model the interface. However, as 
expected, the full-bond assumption invariably leads to predicted load levels that are well 
above those observed experimentally. 
Figure 5.19 shows a representative comparison between the numerical results and the 
experimental data for both Harajli and Soudki [2003] and Longworth et al. [2004] when 
using the nonlinear bond-slip model. The specimens of Harajli and Soudki failed in 
shear, while Longworth's specimens failed in flexure. In both cases, the numerical model 
successfully captured the nonlinear behaviour and the modes of failure of the specimens. 
Finally, Figure 5.19-b shows a load-deflection comparisons for two strengthened speci-
mens tested by Longworth et al. [2004]. One specimen (B2-SL2) had a conventional (pas-
sive) FRP reinforcement, whereas the second (B2-S14) was strengthened with prestressed 
FRPs. The predicted results show that the numerical model is capable of simulating 
slabs strengthened either in shear or in flexure. Moreover, it can be applied to arbitrary 
FRP configurations and can also accommodate both passive as well as prestressed FRP 
strengthening schemes. 
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Figure 5.18: Load-deflection curves for Mosallam and Mosalam [2003] specimens 
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(b) Longworth et al. [2004] 
Figure 5.19: Load-deflection curves for Harajli and Soudki [2003]; Longworth et al. [2004] 
specimens 
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5.5.4.2 Modes of Failure 
A summary of the experimentally observed modes of failure and those predicted numer-
ically is given in the last two columns of Table 5.9. From this table it can be seen that, 
in most of the cases, the finite element analysis correctly predicted the mode of failure 
observed in the experiment. In the analyses, the onset of debonding at a point on the 
FRP/concrete interface occurs when the local slip becomes equal to the parameter S0; i.e., 
the value of slip in the bond-slip model in Figure 5.4 that corresponds to the maximum 
interfacial shear stress. Complete debonding in a region is considered to have occurred 
when the slip reaches the value of Smax (which is typically in range of 0.2 to 0.3 mm). For 
most of the specimens analyzed debonding failure initiated in the vicinity of the point of 
load application, and then propagated towards the ends of the laminates. 
5.5.4.3 Interfacial Shear Stress and Slip Profiles 
A distinct advantage of having reliable numerical tools is that they can provide valuable 
insight into phenomena that are very difficult to assess experimentally. For example, 
knowing the interfacial shear stress and slip values between the bonded FRPs and concrete 
can be very helpful for a better understanding of the FRP/concrete interfacial behaviour 
and bond performance. Since both the nonlinear and bilinear bond-slip models have been 
shown to produce essentially the same numerical results, the interfacial stress and slip 
profiles will be investigated here using only the nonlinear bond-slip model. For the cases 
treated here, the resins bonding the FRP to the concrete are relatively stiff and are such 
that both bond-slip models correspond to essentially the same interfacial fracture energy, 
thus leading to very similar predictions. As a result, either the bilinear or nonlinear 
relation can be adopted. However, it is likely that when softer resins are employed, the 
bilinear approximation may no longer be acceptable and that the more precise nonlinear 
bond-slip model is required for accurate predictions. 
The numerical results shown in Figure 5.20 are for the slip and interfacial shear stress 
profiles along the FRP/concrete interface at different load levels for Specimen SA1F15 
tested by Harajli and Soudki [2003]. In Figure 5.20-a it was observed that the slip values 
around the centre of the slab are significantly higher than those at the end of the laminate. 
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0 100 200 300 400 0 100 200 300 400 
Distance from slab end towards the centre (mm) Distance from slab end towards the centre (mm) 
(a) Slip (b) Interfacial shear stress 
Figure 5.20: (a) Slip and (b) interfacial shear stress profiles for Specimen SA1F15 tested by 
Harajli and Soudki [2003] 
This suggests a punching shear failure associated with debonding of the FRP material 
initiates in the central region of the slab. In Figure 5.19-b, it can be seen that for the load 
level of 26.4 kN the interfacial shear stress reaches a maximum value of approximately 5.7 
MPa near the centre of the slab, after which these stresses decrease progressively towards 
the end of the slab. At a load level of 39.6 kN, the interfacial stresses are higher, with 
the maximum value again occurring near the centre of the slab. As the load is further 
increased, the locations of the peak values on the shear stress profiles move towards the 
end of the bonded FRP. This is consistent with the above observation that debonding 
initiates near the centre of the specimen, and then progressively propagates to the end. 
Figure 5.21-a shows the predicted slip profiles for Specimen C-REP-R1 tested by Mos-
allam and Mosalam [2003]. In these profiles, we observe zones where the slips decrease 
relative to those in the adjacent regions. These, in fact, correspond to the areas where the 
FRP laminates overlap, and where we would indeed expect reductions in the interfacial 
slips. This result suggests that, in general, the addition of transverse anchorage strips at 
the ends of the FRP laminates should be quite effective to mitigate debonding failures 
in these regions. The corresponding interfacial shear stress profiles are shown in Figure 
5.21-b. Here it can be seen that the interfacial shear stresses are higher in the regions 
where the FRPs overlap and, as mentioned above, where the slips are lower in comparison 
to those in the adjacent zones. 
133 
CHAPTER 5. NUMERICAL ANALYSIS 
0.40 
Zones or' intersecting FRP 
P.11.1 kPa 
P=27.0kPa 
. P-45.8 kPa 
P»58.0 kPa 
3.5 
| 3.0 P=8.25kPa P=11.1 kPa 
-P»27.0kPa P=45.8kPa 
0 200 400 600 800 1000 1200 1400 
Distance from slab end towards the centre (mm) 
(a) Slip 
0 200 400 600 800 1000 1200 1400 
Distance from slab end towards the centre (mm) 
(b) Interfacial shear stress 
Figure 5.21: (a) Slip and (b) interfacial shear stress profiles for Specimen C-REP-R1 tested by 
Mosallam and Mosalam [2003] 
Figure 5.22-a depicts the predicted interfacial slip curves for Specimen CFRP-F-0.35% 
tested by Ebead and Marzouk [2004]. Recall that , for this specimen, the FRPs are bonded 
only along the centrelines of the slab (Figure 5.17-c). The slip profiles show that the 
maximum slips occur near the centre of the slab and decrease towards the ends. This 
implies that debonding failure initiates near the centre of the slab and propagates to the 
end of the bonded FRPs; i.e., that the mode of failure is intermediate crack debonding. 
This is indeed what was observed in the experiments. In Figure 5.22-b, the interfacial 
shear stress profiles for this specimen are shown. These curves show that , as the load is 
increased, the peak values of stress move progressively towards the ends of the specimen. 
As expected, the values at the peaks (Tmax=6.0 MPa) occur at values of slip equal to the 
parameter S0 (=0.09 mm) in the bond-slip model. 
A comparison of the results shown in Figure 5.20-a [Harajli and Soudki, 2003] against 
those found in Figure 5.22-a [Ebead and Marzouk, 2004] shows that the predicted slip 
values for the slab tested by Harajli and Soudki are much smaller than those for the 
specimen of Ebead and Marzouk. This is due to the fact that the former slab failed 
in punching shear associated with intermediate crack debonding, while the latter was 
characterized simply by intermediate crack debonding, as indicated in Table 5.9. 
The numerical results presented in Figure 5.23 refer to the conventional (Figure 5.23-a) 
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Figure 5.22: (a) Slip and (b) interfacial shear stress profiles for Specimen CFRP-F-0.35% tested 
by Ebead and Marzouk [2004] 
and prestressed (Figure 5.23-b) FRP strengthening schemes investigated by Longworth 
et al. [2004]. The slip profiles in Figure 5.23-a indicate that delamination should initiate 
in the intermediate regions of the slab and then propagate towards the ends of the strips. 
However, for the prestressed FRP-strengthened specimen, mechanical anchorages at the 
ends of the laminates prevent slippage in this region. Nevertheless, we do predict that 
debonding of the prestressed F R P will occur in the intermediate region of the slab, as 
indicated by the high values of slip shown in Figure 5.23-b. This is in agreement with 
Longworth et al.'s experimental observations where debonding is reported to have occurred 
due to intermediate flexural cracks. Although the failure modes for both of the FRP 
strengthening configurations are controlled by FRP debonding, and although the slip 
values at failure for both specimens are similar (approximately 0.50 mm), the slab with 
FRP prestressing has an ultimate load capacity approximately 30% higher than that of the 
non-prestressed counterpart. This enhancement is most likely due to the combined effect 
of the prestressing and the mechanical anchorages at the ends of the laminates (modelled 
in our analysis by assuming full-bond in these regions). Finally, in Figure 5.23-a and 
Figure 5.23-b, it can be observed that there are dips in the slip profiles. As was the case 
for the results presented in Figure 5.21-a, these regions correspond to areas where there 
are overlaps in the FRP strips, which in turn lead to reduced slips. 
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Figure 5.23: Slip profiles for Longworth et al. [2004] specimens 
5.5.4.4 Tensile Stress Profiles Along the F R P s 
In the following, the predicted tensile stress distributions along the bonded laminates 
are discussed. Figure 5.24 shows the stress profiles obtained for the G F R P and CFRP-
strengthened slabs tested by Ebead and Marzouk [2004]. In these figures, comparisons 
are made between the results based on the nonlinear bond-slip law and those obtained 
by assuming full-bond between the FRP and concrete. As expected, as the load levels 
increase, the predicted stresses corresponding to the full bond assumption become much 
greater than those determined with the bond-slip model. Also, assuming full-bond at the 
FRP/concrete interface leads to over-predictions of the ultimate capacities; thus, analyses 
incorporating appropriate interface elements to model slip are required to properly predict 
the modes of failure. 
Figure 5.25 shows the tensile stress profiles in the FRPs for the specimens tested by 
Longworth et al. [2004] when the nonlinear bond-slip model was employed in the analysis. 
A comparison of the curves in the two figures shows that prestressing the F R P laminates 
(Figure 5.25-b) leads to more uniform stress distributions along the laminates. The dips 
in the profiles in the intermediate zones reflect the fact that the laminates overlap in 
these regions, an observation mentioned earlier with reference to Figures 5.21-a, 5.23-a 
and 5.23-b. 
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Figure 5.24: Tensile stress profiles along the FRP sheets for Ebead and Marzouk [2004] speci-
mens 
3500 3500 
200 400 600 800 1000 1200 1400 1600 
Distance from slab end towards the centre (mm) 
200 400 600 800 1000 1200 1400 1600 
Distance from slab end towards the centre (mm) 
(a) Specimens B2-SL2 strengthened with 
passive FRP composites 
(b) Specimens B2-SL4 strengthened with 
prestressed FRP composites 
Figure 5.25: Tensile stress profiles along the FRP sheets for Longworth et al. [2004] specimens 
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The numerical results for the stress profiles in Figures 5.24-a, 5.24-b and 5.25-a show 
that there are fairly high stress levels in the FRPs in the central zones of the slabs; 
these are zones where the slip profiles change rapidly. These areas typically cover about 
one-third of the FRP length. Away from these regions, the tensile stresses in the FRPs 
decrease rapidly to very low values. Aside for the slab with prestressed FRP strengthening 
(Figure 5.25-b), this type of behaviour was observed for all the other FRP strengthening 
configurations examined in this investigation. 
In the following numerical results will be presented for the two bonded FRP-strengthened 
slabs that were tested experimentally in this study, SW-B-MS and SO-B. The material 
and geometrical properties, steel reinforcement ratios, and types of loading used in the 
numerical simulations for these two specimens can be found in Chapter 3. The interfa-
cial behaviour between the FRP laminates and the concrete substrate is accounted for by 
incorporating the Lu et al. [2004] nonlinear bond-slip model. The results include load-
deflection comparisons between experimental and numerical results. Also, the strains in 
the FRP strips along with the interfacial slip and stress profiles along the FRP/concrete 
interface are presented. 
Figure 5.26 and Figure 5.27 show the numerical prediction for the specimens SW-B-MS 
and SO-B, respectively. The predicted load-deflection responses and the overall stiffness 
are very close to the experimental ones, as seen in Figures 5-26a and 5-27-a. The average 
numerical-to-experimental load capacity ratios are 1.21 and 0.96, for the specimens SW-
B-MS and SO-B, respectively. In both cases, the numerical model successfully predicted 
the nonlinear behaviour and the debonding failure mode. 
Figures 5.26-b and 5.27-b show the predicted FRP strain profiles obtained at different 
load levels for the specimen SW-B-MS and SO-B, respectively. For Specimen SW-B-MS, 
the strain distributions starts from zero at the FRP plate end to its maximum value at 
the slab centre. The high strain values occurred at the slab centre because of the crack 
concentrations in this zone. For Specimen SO-B, the major cracks occurred at the cut-out 
corner vicinities, which explains the more uniform strain distribution in the middle third 
of the FRP plate; i.e., between the two cut-out corners. 
The interfacial slip profiles for the specimens SW-B-MS and SO-B are presented in 
Figures 5.26-c and 5.27-c, respectively. For Specimen SW-B-MS, it is obvious that the 
138 
5.5. NUMERICAL RESULTS AND DISCUSSION 
40 
Deflection (mm) 
(a) Load-deflection comparison 
0.25 
0.20 --
f 0.15 
g 
a. 
w 0.10 
0.05 - - -
P= 113.2 kN J ! / \ ; 
P . 144.9 kN | | / ] \ ; 
P=166.7kN ; ! ' ^ \ V ^ \ ! 
- - - P = 179.5kN | I / / I \ \\ 
P= 193.3 kN i - I ' ' ' - / • 'T \ \ | 
P = 217.1kN i / | / ' / T N ' ' ] ' 
""^ /^nl'"' 
0 200 400 600 800 1000 1200 1400 
Distance from slab end towards the centre (mm) 
(c) Interfacial slip profiles 
0.005
 T 
0.004 
0.003 
0.002 
0.001 
0.000 
P = 23.1 kN 
- P = 46.2 kN 
P = 69.3 kN 
P = 92.5 kN 
P = 113.2 kN 
P = 144.9 kN 
- P = 166.7kN 
P= 179.5 kN 
P = 193.3 kN 
P = 217.1kN 
/
 fc 
.'/,-.. 
.'• •
/
. " • • " • • • 
'''/,--
.'./;''/^ -" 
//'.-'' ' - - - -
---;^i!0?j£~^--
0 200 400 600 800 1000 1200 
Distance f rom the FBP plate end (mm) 
(b) FRP strain profiles 
8.0 
l e . o 
S 4.0 
1400 
-P = 113.2 kN 
- P - 144.9 kN 
- P - 166.7 kN 
0 200 400 600 800 1000 1200 140C 
Distance f rom slab end towards the centre (mm) 
(d) Interfacial shear stress profiles 
Figure 5.26: Numerical results for Specimen SW-B-MS 
maximum slip values occurred near the slab centre and decreased rapidly towards the FRP 
plate end. This implies that slippage initiates at the mid-span and propagates towards 
the plate end. For Specimen SO-B, the slip profiles show that the slip values started from 
zero at the FRP strip centre and increased slowly to the maximum value in the vicinity 
of the cut-out corner, and then stabilized at the same level towards the strip end. This 
implies that debonding initiates at the cut-out corner. These types of behaviour for both 
specimens suggest that higher slippage took place at the region of major cracks. This is 
indeed what was observed in the experiments. 
The numerical results shown in Figures 5.26-d and 5.27-d are for the interfacial shear 
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Figure 5.27: Numerical results for Specimen SO-B 
stress profiles along the FRP/concrete interface at different load levels for the specimens 
SW-B-MS and SO-B, respectively. It can be seen that the interfacial shear stress reaches 
a maximum value near the centre of the slab for SW-B-MS and in the vicinity of the cut-
out corner for SO-B. Obviously, as the load is increased, the locations of the peak values 
on the shear stress profiles move towards the end of the bonded FRP. This is consistent 
with the above observation that debonding initiates at the major crack zone, and then 
progressively propagates to the end. 
140 
5.6. CONCLUSION 
5.6 Conclusion 
An analytical investigation was carried out with the objective of understanding the transfer 
mechanisms at FRP/concrete interfaces for RC structures externally strengthened with 
the mechanically fastened FRP technique. New bearing-slip models were proposed in this 
study, which describe the behaviour of the MF FRP/concrete interface. These bearing-
slip models were employed in finite element analyses to simulate the interfacial behaviour 
of MF FRP/concrete joints, as well as for MF FRP-strengthened RC beams and two-
way slabs. The comparison between the numerical and experimental results showed very 
good agreement in terms of the ultimate load carrying capacities and load-deflection 
relationships. 
In addition to the MF FRP-strengthening applications, finite element analyses have 
been carried out to simulate the nonlinear load-deflection behaviour and failure mech-
anisms for RC two-way slabs strengthened with externally bonded FRPs. A nonlin-
ear constitutive model was incorporated to represent the mechanical behaviour at the 
FRP/concrete interface. It was seen that the proposed model can capture the debonding 
phenomena and predict the failure modes associated with the delamination of the FRP 
composites. The finite element results showed a very good agreement with the available 
experimental data. 
In conclusion, this study has shown that incorporating an appropriate interface model 
between the concrete and FRP is necessary to accurately simulate the interfacial behaviour 
and to obtain reliable predictions of the response of FRP-strengthened RC structures, 
whether the mechanically fastened or the conventionally bonded technique is applied. 
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Chapter 6 
Conclusions and Recommendations 
6.1 Introduction 
The experimental and analytical investigations reported in this dissertation on the flexural 
strengthening of reinforced concrete structures with FRP strips attached with mechan-
ical fasteners have provided an improved understanding of the overall behaviour of the 
strengthened structures and constituent materials. The main objectives of this study were 
to investigate the behaviour of RC slabs, with and without cut-outs, strengthened with 
mechanically fastened (MF) FRP strips and to assess the feasibility and benefits of this 
strengthening technique. The following sections outline the detailed conclusions resulting 
from this study and recommendations for future research work. 
6.2 Conclusions from Experimental Investigations 
6.2.1 Direct Shear Tests 
An experimental investigation was carried out with the objective of understanding the 
transfer mechanisms when MF FRP composites are used to strengthen reinforced concrete 
structures. Both shot and screwed fasteners were considered. For the shot fasteners, it 
was seen that instant cracks were induced during the fastening process. These cracks 
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weakened the surrounding concrete, resulting in the eventual pullout of the fasteners 
off the concrete. Thus, a new fastener type was proposed based on screwing instead of 
shooting into concrete. Using these screwed fasteners was found to be more efficient due 
to the superior fastener installation, which did not damage either the concrete nor the 
FRP strip. It was also found that the governing mode of failure in the case of the shot 
fasteners was bearing failure associated with fastener pullout. In the case of the screwed 
fasteners, the failure was bearing in the FRP strip, and the specimen could hold a peak 
load while sustaining very large deformations. Furthermore, the mode of failure could be 
altered from FRP bearing to FRP rupture by increasing the number of screws. 
6.2.2 FRP-Strengthened Slabs 
It has been shown experimentally in this research that reinforced concrete slabs, with and 
without cut-outs, can be strengthened in flexure with mechanically fastened FRP strips. A 
comparison between the conventionally bonded and the mechanically fastened techniques 
was carried out. Further advantages, in terms of ultimate strength and gained ductility, 
were achieved through using the MF FRP technique. The serviceability (reduced cracking, 
steel stresses and deflection) of the test slabs was improved with the MF FRP strips. For 
the bonded FRP strengthened slabs the poorer performance in serviceability was quite 
dramatic compared to the MF application. Two of the tested slabs strengthened with the 
conventional bonded method failed prematurely, due to FRP debonding. When using the 
bonded method, the failure loads were increased over their corresponding control slabs. 
These increases in strength could also be achieved with the MF method with the added 
advantage of desirable ductile behaviour. 
It was shown that RC slabs could be strengthened using screwed fasteners to attach 
FRP strips onto the concrete. For slabs without cut-outs, increases in the yield and ulti-
mate load of about 30% and 66%, respectively, were observed. The initial (pre-cracking) 
stiffness was not greatly affected by the addition of the FRP strips. Also, the cracking 
load of the strengthened specimens was not improved over that of the control specimen. 
It was shown that it was possible to achieve a failure mode that did not result in a sudden 
loss of load capacity. The appropriate fastener spacing along with the length of the spans 
dictated the number of fasteners needed to improve the flexural strength of the specimens. 
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The fastener spacing of 100 mm in Specimen SW-F-MS-100 was too large, causing the 
slab to fail at a relatively low load level associating with a bearing failure in the FRP strip 
around the fasteners. A spacing of 50 mm showed only a slight bearing failure at loads 
close to the ultimate moment, and the strength increase was almost doubled over that of 
the control specimen. 
For slabs with cut-outs, the strengthened specimens showed increases up to 17%, 10% 
and 33% in the crack, yield and ultimate loads, respectively, over the corresponding control 
specimen. Unlike the bonded specimen, the MF FRP-strengthened specimens showed a 
very ductile behaviour without any FRP delamination. Using double rows of fasteners 
to fix the FRP to the concrete was not effective to improve the ultimate strength of the 
specimen. Nevertheless, it resulted in a slightly reduced stiffness than that when one row 
of fastener was used. More experiments need to be conducted on this issue to understand 
the effect of the number of fastener rows on the behaviour of the strengthened specimen. 
In general, the experimental investigation has shown that reinforced concrete slabs can 
be flexurally strengthened by mechanically attaching FRP strips. With special attention 
given to material and construction considerations, this method has the potential to be used 
in situations that require a method more rapid than that with the conventional adhesively 
bonded FRPs. The proposed method has been proved to be capable of providing a gradual 
failure mode, rather than a sudden failure mode characteristic of the current bonded 
methods. 
6.3 Conclusions from Analytical Investigations 
In the analytical studies, finite element analyses have been carried out to simulate the non-
linear behaviour and the failure mechanisms for reinforced concrete structures externally 
strengthened with FRPs. The FRP/concrete interfaces were modelled using appropriate 
elements connecting the FRPs to the concrete. These interface elements were character-
ized by specific models that account for the interfacial behaviour between the FRP and 
concrete substrate for both the MF and externally bonded systems. It has been shown 
that this type of representation of the interface is essential to obtain accurate predictions 
of the ultimate capacities and failure modes. In the following, the conclusions of the 
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numerical analyses are reported for the MF system as well as for the externally bonded 
system. 
6.3.1 Mechanically Fastened FRP Strengthening System 
New bearing-slip models, for both the shot and the screwed fasteners, were proposed in 
this study. These models describe the behaviour of the MF FRP/concrete interface as a 
relationship between the relative interfacial slip and the bearing stress in the FRP strip. 
Using these bearing-slip models, finite element analyses were carried out to simulate the 
interfacial behaviour of the MF FRP/concrete joints as well as that for MF FRP strength-
ened reinforced concrete beams and slabs. The finite element results were assessed against 
available experimental data. The comparisons between the numerical predictions and the 
test results showed a very good agreement in terms of the ultimate carrying capacities, 
failure modes, and load-deflection relationships. The numerical models were successfully 
capable of simulating strengthened beams of different geometrical and strengthening con-
figurations. Also, they were able to capture the nonlinear behaviour of FRP-strengthened 
slabs with different geometrical and loading characteristics and of various strengthening 
patterns. Features that cannot be observed experimentally such as the interfacial slip 
and shear stress could be predicted for a better understanding of the transferred shear 
mechanism at the FRP/concrete interface. The predictive capability of this numerical 
tool can thus be exploited further for a better understanding the role of other factors on 
the performance of MF FRP strengthened concrete members, and thus contribute towards 
the optimization of FRP strengthening configurations. 
6.3.2 Bonded FRP Strengthening System 
Finite element analyses have been implemented to predict the structural behaviour of RC 
two-way slabs strengthened with externally bonded FRPs. The numerical analyses were 
able to properly simulate slabs strengthened in either shear or in flexure, with various 
FRP strengthening configurations, and could accommodate both conventional (passive) 
as well as prestressed FRP strengthening. Two bond-slip laws (bilinear and nonlinear) 
were employed in the analyses. As both models were characterized by essentially the same 
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interfacial fracture energy, they led to virtually identical predictions. By contrast, analy-
ses based on a perfect bond between the FRP and concrete led to over-predictions of the 
ultimate capacities and stress levels in the bonded FRPs. Obviously, such analyses are in-
herently incapable of accounting for debonding, thus underscoring the need for developing 
numerical tools that properly simulate the behaviour at the FRP/concrete interface. The 
numerical analyses provided useful insight into the effects of various parameters on the 
performance of alternative strengthening schemes. For example, it was seen that increas-
ing the width of an FRP laminate led to a decrease in the interfacial shear stresses and 
slips. In regions where the FRP laminates overlap, reductions in the interfacial stresses 
and slips were observed. This suggests that transverse "anchorage" laminates at the ends 
of the FRP strips could be an effective means to enhance bond behaviour. Given the 
predictive capability of the numerical analysis, this tool can be exploited further to glean 
information on the role of other factors on the performance of FRP-strengthened concrete 
slabs. 
6.4 Recommendations for Future Work 
This project represents a first step towards fully understanding the behaviour of reinforced 
concrete two-way slabs strengthened with mechanically fastened FRP composites. There 
is still a need for further experimental work on reinforced concrete structures strengthened 
with the MF method to uncover its unique benefits and to fully understand the structural 
behaviour of MF FRP-strengthened members. The following are some recommendations 
for future work: 
• A broader parametric study should be performed. Parameters such as effect of the 
number of fastener rows, spacing between fasteners, and different fastener arrange-
ments could be of particular interest. 
• Further investigations of the effect of the shear transfer length are needed, as are 
further tests on the FRP, particularly to understand the bearing behaviour of such 
materials when subjected to different types of loading. 
• Practical design guidelines need to developed for designing reinforced concrete struc-
tures strengthened with the MF system. 
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• Fatigue testing on full-scale specimens strengthened with the MF system need to be 
conducted. 
• Issues such as the long-term durability, degradation of the FRP strips at the fastener 
locations, and environmental effects need to be studied in greater depth. 
• It is strongly recommended for the modelling of FRP-strengthened structures to 
incorporate an appropriate interface model between the concrete and FRP to ac-
curately simulate the interfacial behaviour and to obtain reliable predictions of the 
response of FRP-strengthened structures. 
• The last proposition on future research concerns the needs of advanced concrete 
properties for using in the finite element analyses. In most cases, only the uniaxial 
concrete strength is given, whereas many other parameters are requested such as 
the biaxial compression response, and the tension stiffening behaviour. The author 
recommends further research to obtain such parameters for the ease of modelling. 
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Appendix A 
MF FRP-Strengthened Beams 
In this appendix, additional numerical results of reinforced concrete beams strengthened 
with the mechanically fastened technique are presented. These results include load-
deflection comparisons between experimental and numerical results. Also, the interfacial 
slip profiles along the FRP/concrete interfaces along with the interfacial shear forces in the 
fasteners are presented. Figure A.l depicts the finite element model for this application. 
Figure A.l : Finite element model for an FRP-strengthened beam 
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Figure A.3: Interfacial slip profiles for Lamanna et al. [2001] specimens 
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Specimens of Bank et al. [2003] 
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Specimens of Lamanna et al. [2004b] 
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